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FOREWORD TO THE AMERICAN EDITION 


This senes of symposia on cosmic ray pioblems was published m Berlin 
m 1943 by Spiingor-Verlag m commemoration of the 75th birthday of 
Arnold Sommeifeld. Although written by several authors the articles are 
well integrated with numerous cross references and a self consistent 
notation, and they present a general view of some of the recent aceoin- 
phshments and outstanding problems in a bianch of physics whicli is des- 
tined to attract many woikeis m the next few years 
On the very day which the book was intended to commemoiatc, and 
before many copies had been distributed, bombs fell on Berlin destroying 
the plates and the entiie stock of printed volumes In order to make the 
material available to American physicists the present translation has been 
prepared. Acknowledgement is due to Professor S. Goudsmit who kindly 
loaned me his copy of the German text. 

T H. Johnson 




FOREWORD TO THE GERMAN EDITION 


The investigations on cosmic radiation have been sharply curtailed by 
the misfortunes of the time’’ On the one hand, in most physical laborato- 
ries they have taken second place with respect to other problems, and, on 
the other hand, the failure of the usual channels of communication makes 
it difficult to obtam infoimation as to the results obtained in other countries. 
Finally, comprehensive reports have not appeared in Germany during war 
time since the physicists employed m war leseaich have not found the tune 
for comprehensive work of this kind Because of the impoitance of this 
branch of physics, it theiefore seemed appiopiiate to have this series of 
symposia bound together and published in book fniin as a survey of the 
present state of the cosmic ray investigation. 

These symposia weie held m the yearn 1941 and 1942 m the Kaiser 
Wilhelm-Institut for Physics; they give an insight into the state of certain 
individual questions as far as is possible in view of the fact that the American 
literature was available only up to the summer ot 1941. In small measure 
they contain some results which have not been published elsewhere I 
refer to the investigations of Molifere on the large showers, the calculations 
of Flugge on the neutron distribution m the atmosphere, and a simplified 
cascade theoiy which oiigmated fiom some lectures which I gave in the 
summer of 1939 in Leipzig and at Puidiie Umveisity, Lafayette (USA). 

Taken togethei, these contiibution.s .should give a unified, representative 
picture of oui knowledge of cosmic radiation at about the end of the year 
1941. This picture is not veiy satisfactoi 3 ' The genetics of the various 
kinds of rays i.s still msufficientlv clear, and the mechanism of their 
transformations is precisely known only in the case of electrons and light 
quanta. One can only hope, therefore, that the picture presented here will 
be replaced as soon as iiossible bj’ one which is clearer and more nearly 
COlTCCt. 

It was the wish of all contiibutois to dedicate this book to Arnold 
Sommei'feld on the occasion of his 75th birthday Our thanks to the 
teacher of atomic physics in Germany should be best expressed by the fact 
that the scientific method which Soiumerfeld began in his Munich school 
has been continued by the younger teachers and has borne fruit. 

For their trouble in writing and correcting the papers I must thank all of 
my associates and also, especially, the publisher, who willingly supported 
the publication of the papers and successfully oveicame all of the practical 
difficulties. 


Berlin-Dahlem 
June 2, 1943 


W Hbisenbebu 
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INTRODUCTION 


1. REVIEW OF THE PRESENT STATE OF OUR 
KNOWLEDGE OF COSMIC RADIATION 

By W. Heisenberg, Berlin-DahU-in 

Since the investigations by Hess (H 11) and Kolhoi ster (K 3), it has been 
recognized that a radiation incident upon the eaitli from external space 
incites in the atmosphere vanous secondaiy phenomena, which levcal 
themselves by settmg up a general ionization caused by vaiious kinds of 
elementary pai tides (elections, light quanta, iiiosoiis, piotoiis, neutrons). 
As a result, this radiation becomes weaker and weaker as it penetrates 
deeper into the atmosphere or the earth, until at an equivalent depth of 
about 1000 m of water it has pi actically vanished (Cf also the summaiiz- 
ing articles of Miehlmckel (M 3a), Steinke (S 18a), Stcimnauier (S 18b), 
and in Rev Mod Phys 11, 122, 1939) To cla^'Sify these effects of the 
so-called ultra-, hohen- or cosmic ladiation it has been customary for some 
time to divide the cosmic rays in tlie atmospheic into components The 
vaiious components differ as regaids the kind ol particles and their origin 
At the present state of oui knowledge one can distinguish four components 
The existence of a fitth component, wliicli has been noticed at vei y great 
depths, is also probable, accoiding to a few investigation'^ PIk' four 
components may be desciibed in the following mannei 

1. The soft radiation (cascade radiation). It consists of elections, 
positrons, and light quanta, which undergo transformations from one to 
another in accordance with the laws of the cascade tlieoiy; it repiesents the 
principal pait of the cosmic radiation fiom a height of about 7 km on up to 
very great heights. The welt known maximum of ionization at about 16 
to 20 km. is also probably produced by this election radiation At sea 
level the intensity of this component has already shrunk to a very small 
fraction of the initial intensity. 

2. The penetrating radiation. This, consist-; of melons which are pro- 
duced in the atmosphere by another radiation (most piobably protons or 
light quanta) Its intensity, according to all measurements thus far 
made, increases contmuously to the greatest heights without passing 
throng a maximum, although a maximum must defimtely occur some- 
where since the mesons as radioactive particles cannot come to the earth 
from external space Perhaps there aie different kinds of mesons, distin- 
guished by different values of spin moment and mean life time and making 
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up the penetrating component with diffeient lelative intensities at different 
heights This component decrease', with inci easing depth much more 
slow'ly than the soft comiionent and can he detected down to depths of 
400 m of watei and moie 

3. The soft secondary radiation of the mesons. This con.Msts of elec- 
tions, po.sitioiis, and light ciuanta which aic foimcd bv the mesons through 
collision pioecsse.s and thiough radioactive decay In gcneial, it is m 
eqiiilibiium with the me.son component but falls off with increasing depth 
somew’hat moie slowlv than the meson iidcnsitv, a fact which is to be associ- 
ated with the iiici easing haidiie.ss ot tlie ine.son ladiation 

4. The proton and neutron radiation, its inteii.sitj' unis jiaialhd to 
that of the .solt component up to gieat heights, this fact indicates that, at 
least ui the lowci atmosphciic laycis, the pioton-neutron component is 
foimed to a piepondeiant degiee bv the soft component Moieovei. 
stiong aiguments support tlic view that piotons aic incident upon the 
caith fiom external space, poihaps even lepicsenting the piincipal pait of 
the pninaiv ladiation, and that, at \ei\ gieat heights, the proton com- 
ponent IS, ioi.the most pait, a piimaiy ladiation, which theie excites the 
meson components and the cascade radiation The intensity of the neu- 
tions IS much greatci than that of the piotoiis, a fact which is apparently 
associated wnth the much gieatei lange of the neutrons 

In what lollow .s, the mo.st impoi taut propci tics which have, thus far, been 
discovered of the foui componont^ will be summaiized in a .short icvicw 

1. Cascade Radiation 

If one c.xtiapolates the spectinm of the .soft component tiom the height'- 
at which mea.suiements have been made up to the top of the atmosphere — 
the multiplication and the absoiptioii of this component is completely 
governed bv the cascade tlieoiv — one obtains a simple spectium Foi 
a long time this was legaidcd as the piimaiv .spectium of the co.smic radia- 
tion Thus if one assumes that — above an energy of about 3 to 4 10“e^'^ — 
a numbei F{E) of elections ot eneigv gi eater than E, given bv 

/'’(/0=0()5 (sec- cm-”), (1) 

IS incident upon the earth, one can explain the variation of the .soft com- 
ponent witli height, the maxunum of the ionization, and the latitude effect 

^the magnetic field of the earth cuts the spectrum (1) off at a given enei'gy, 
depending upon the magnetic latitude The large Hoffman bursts and the 
frequency of large .“ihowei-s are also explained nearly correctly 

According to this explanation the pnmaij’^ .spectnim (1) should contain 
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no electrons of energy below a given limit determined by the latitude, 
which in our latitude, as an example, is at about 5 10°eV These electrons 
are then multiplied from the top of the atmosphere on down according to the 
cascade theorj’^, thus pioducing the maximum of ionization; the whole 
spectrum is absoibed exponentially but continues to keep its foim (1) 

In northern latitudes the maximum is ielativcl 3 ’^ high and steep, since the 
primal spectmm consists of manj' pai tides oi lelatively low energy, at 
the equatoi it is appreciably lowei since it is piodiiced by a relatively few 
high energy pailicles (cf the well known ineasii remen ts of Millikan, 
Howen, and Neher, (H 32, 33, 34) and Fig 1) At sea level the soft com- 



Pig 1 Intensity of the cosmic radiation as a function of the thickness of the air lavci 
passed thiough, accoiding to Bowen, Mielikin and Ni hlk C'uive B IntenHit\ in 
Madras (3® noith nuignctic latitude) 

C'uive A Diffeicncc of intensities in Foit Sam Houston (38 5° north latitude) and 

^iadla'• 

ponent is alieady reduced to a small traction ot the piimaij’^ intensity, con- 
stituting only about 5 to 10% of the total intensity observed there 
The soft rays always start cascades when incident upon matter with 
great energy Thus, on the one hand, large showers are formed in the at- 
mosphere, and, on the other, the showers observed by Rossi (R 5) and the 
Hoffman (H 12) bursts are produced in solid matter The air showers 
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which stem from very energetic electrons reach into greater depths; they 
have been observed by Auger (A 10), Kolhorster (K 4, 5), and their 
associates They fill a cylmdiical volume ol some 50 m. radius with 
electrons, the density and the height of the cylinder depending upon the 
primaiy energy The observed showers arise in pait from electrons of 
moie than 10”eV The frequency of these showers, therefore, offers a 
possibility of testing the spectnim (1) to very high energies, and the results 
confiim the value 1 8 of the exponent in (1). According to Euler these 
measurements give as exponent a value 18 ± 0 17 

The Hoffman bursts m the lomzation chambers behind thin layers of 
solid matter are likeivise to be regarded as an effect of air showeis, which 
are intensified by multiplication m the layer ol solid mattei The bursts 
behind thick layers, however, aie not immediately tiaceable to the soft 
component. The small showers observed by Rossi (R 5) behind layers of 
matter of various thicknesses aie to be attributed in part to the cascade 
component and m part to the secondary rays of the mesons. 

The interpretation of the soft component as the primary radiation has 
lecently been thrown into doubt by the measurements by Schein, Jesse, 
and Wollan (S 4, 5, 6), according to whom, at voiy gieat heights above the 
maximum of the ionization, fast electrons aio present only in very small 
number’s, if at all If these obseivalions are confirmed, the soft component 
cannot be the pnmarj'^ radiation The inteipretation of the latitude effect 
on the basis of a prunai-y electron spectmm would then have to be aban- 
doned, and it would remain somewliat remaikable that the latitude effect 
could have been so well represented Happily, this representation has not 
been altogether accurate 

On the contrary, it must alwav.s be iccoginzed that below the maYimnm 
of the ionization the soft component has essentially the form which follows 
from (1) by the cascade theory Tlus is demonstrated by the air showers, 
the bursts, and the variation of the intensity with height One must assume 
that these cascade rays are excited m the highest atmosphere by another 
component — for example, by collision-iadiation of a proton component, 
or by collision-radiation and radioactive decay of a meson radiation, 
or by explosive processes, which stem from energetic protons and lead to 
the production of many mesons and many light quanta and electrons. As 
to the details of these processes, nothing is yet known. 

Since in all of these processes a part of the primary energy is not trans- 
formed in the highest atmosphere mto cascade radiation, the primary 
radiation must contain more energy than is given by the spectrum(l). 
Thus the latitude effect at the maximum of the ionization, if t.fiig ig pro- 
duced by the soft radiation, must be less than that given by the present 
theory. This presents a difiSculty which raises the question whether the 
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maximum of the ionization is really produced by electrons, and, if this is 
the case, through what processes do these electrons come into being 

2. The Meson Component 

The mesons onginate in the atmosphere; they do not come to the earth / 
from external space This follows from the radioactive instability of the 
meson, which has been established by a senes of experiments Johnson 
(J 9) has concluded from the east-west effect of the penetrating component 
and from the excess of positive rays among the piimanes which give use to 
mesons that most mesons originate fiom a piimaiy pi oton component An 
intense proton component of this nature has not yet been obseiwed, and 
one must, theiefore, assume that the energetic piotons are rapidly absorbed 
m the highest layers of the ntmosphei c However, the excitation of mesons 
has been observed oven in deeper layers of the atmosphere below 7 km. 
According to the obseiwations, this meson excitation mns parallel to the 
mtensity of the soft component, and it is, therefore, probable that the soft 
component is responsible for it In addition, m this process slow mesons 
seem to be produced preferentiallv (cf the measurements of Schcin, 
Wollan, and Groetzmger (S 8) and Hertzog and Bostick (H 8, 9)). One, 
therefore, thinks of processes, analogous to the usual pair production, by 
which a light quantum forms a meson pair at a nucleus Energetic light 
quanta appear to be able to release explosive processes, by which, under 
some cncumstances, many mc'-ons aie cieated at once Processes of this 
kind have been observed by Fussell (F 7), Powell (P 6), Wollan (W 16), and 
Daudin (D 1) in the AVilson chamber, and the obseiwations of Santos, 
Pompeja, and Wataghin (AV 2) and of Janossv and Ingleby (J 3) on the 
penetrating showeis indicate the same thing 

The meson component is weakened on its path tliiough the atmosphere, 
on the one hand, by the well known ionizing collisions and, on the other 
hand, by radioactive decay of the meson The colli'^ions can be treated by 
the well known formula of Bethe (B 10) and Bloch (B 26), Fermi (F 1) has 
recently shown that these formulas should be improved in their application 
to solid matter, and that the number of collisions per gm /cm * in dense 
matter is somewhat less than in matter of low density Fuithermoie, 
Kemmer (K 1) has deduced from the Yukawa theory that the transfer of 
large amounts of energy by mesons of high energy can take place with an 
effective collision cross section which is much larger than the corresponding 
cross section for the collision of two electrons. Through such collisions the 
absorption of energetic mesons is increased. The radioactive decay of 
mesons takes place, according to the Yukawa theory, in such a mannei' 
that the meson breaks up into an electron and a neutrino, each of which, in 
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the rest system of the meson, receives about half of the mass of the meson oi 
about 40 to 50 MeV m the foi-m of kmetic energy Accoiding to the avail- 
able expel imcntal evidence, the mean decav period for mesons, at sea level 
IS about 1 5 to 2 5 10“' sec when measured in the rest system of the meson, 
and it me leases toi lapiUlv moving mesons, accoiding to tune dilatation of 
the lelatiMtv thcon-, in the ratio of the eneigy to the rest cneigv This 
can be demonstiatcd cx])ci imcntally trom the absoiption of mesons in air, 
horn th(' lesultmg teinpciatuio and baioinetei effects, tioin the ionn ot the 
spectrum in the low cneigv icgion, and fioin the nuinbei of decaj"^ elections 
The radioactive decai’ has liei-n directlv demonstrated bv jiliotographs m 
the Wilson cliambei bi Williams (W 12) 

The spectium oi mesons at thou point ol oiigiii m the liigli atmosphcie 
seems to lollow (luiti' well a law of the toiin 

a{E) = const A”’ (2) 

[G{E) = nuinbci ot me.soiis ol eneigv exceeding E] in which the exponent 
7 , within the limits ol piccision oi the measurements, is of the same magni- 
tude as that foi the soft component Cy ~ 1 8) This follows, in the fiist 
place, liom the chop ol meson intensity with depth T which obe 5 ^s a 3’"’' 
law in absorbing hn eis up to 300 m ol watei and, in the second place, from 
the eneigv distiiluition of the cascade buisfcs excited by mesons However, 
at depths below 300 m of watoi the absoiption becomes stronger; yet this 
does not aiise fiom any deviation from the E~'' law but lather from the 
added absoiption deduced bv Kemmei This comes into effect because the 
eneigetic mesons can tiansfcr an appieciablc part of their energy to an 
electron with a collision cross section which is independent of the cneigj’, 
lierhaps theie aie othei additional sccondaiy piocesses (cf also the w'Oik 
of Oppenheimci , Hiivdci, and Serbei (0 2) and Lyons (L 12)). 

The similaiitv ol spectra (1) and (2) .suggests a genetic relation between 
the two spectia It is probable eithei that the meson component origmates 
liom the soft component, oi that the soft component origmates from the 
meson component, oi tliat both components oiiginate from the same pii- 
inaiy component Previously, the hist assumption has been taken as the 
most probable If the observations by Schcin, Jesse, and Wollan (S 4, 5, 
(1), which indicate a .secondary charactei of the soft component, are con- 
firmed, then the second oi thud a&.sumption would be the more piobable 
An interesting possibility foi the mterpictation of these results has been 
afforded by vaiious theoretical investigations by Uppenheimei, Snyder, and 
Serber (O 2), Moeller and Rosenfeld (M 5) and Rosental (R 11), the theory 
of nuclear forces requires the existence ot mesons ol spin 1, or of two kinds 
of mesons of spin 1 and of spin 0 From the fiequency of mcson-excited 
cascade show ors, Oppenheimcr has concluded that the mesons observed at 
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sea level probably have spin 0 One can, theiefore, assume that in the high 
atmosphere the two kinds of mesons of spin 0 and spin 1 are generated by 
the pioton component with compaiable probability, and that the mesons of 
spin 1 have a very short life, ot the order of 10”® sec , as required by the 
Yukawa theory, while the mesons of spin 0 have the longer life observed 
The mesons of spin 1 aic, theieloie, absoibed in the highest atmosphere, 
and then energy is transfoimed picdommantlv into cascade rays — through 
ladiation bv the eneigetie mesons and by the decay of the low energy 
mesons — and onlj" mesons of spin 0 can penetiale to tlie deeper atmospheiic 
layeis The futuie alone can judge whethci this mteipretation can seiwc 
as a norkmg hypothesis ^Icanwhilc, the genetics of the various com- 
ponents of the cosmic ladiation is \eiv unccitam 

3. The Soft Secondary Radiation of the Mesons 

This radiation compiises two components the electrons (and their cas- 
cades) which have leceived a high energy fiom a meson collision (Bhabha 
(B 19)), and those which result fiom meson decay (Euler (E 4)) Theoret- 
ically, toi both components, the foim of the spectrum is represented 
approximately bv 

//(E) = const E'^ ® (3) 

Both spectia, theieloie, behave alike and fall off by about one power faster 
than the meson or the soft component The Kemmer knock-on process 
likewise gives a weak additional spcctium ot the foim " 

The soft secoiidaiy ladiation is, in geneial, aheady in equilibrium with 
the meson ladiatioii aftei a i datively thin layei of matter, of the Older of 
the radiation unit of the cascade theoiy, has been tiaveised The relative 
number of knock-on elections m eqiuhbrium w’lth the meson component is 
gi eater at great depths than at sea level smcc the mean energy of the 
mesons increases with depth In an at sea level the total ionizing radiation 
IS made up of 75 to 80% mesons, about 5% knock-on electrons, 10 to 16% 
decay electi ons, and 1 1 om 5 to 1 0% soft piimai y i ays Behind thick layeis , 
of dense mattei piacticallv all of the contiibution ot the deca}'’ electrons 
disappeare since those foimcd m the an aie absoibed, but in the lelativclj" 
.short distances m dense mattei no now ones can be loi med Theoietically, 
the number of knock-on elections m equihbiium in mattei of high atomic 
number should be gieatei than m substances ot low atomic number. 

Since the soft secondary rays of the mesons behave like the soft primary 
rays, they also produce .show'em and bursts. At sea level, however, prac- 
tically all of the large .showei-s or bursts are to lie ascribed to the soft 
primaiy rays, since the spi'ctiiim ot the soft .secondaij’ lays falls off much 
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faster and, therefore, contama fewer energetic electrons than the primary 
spectrum. It is different behind thick layers of dense matter. Here the 
primary spectrum can no lunger play a role, and the bursts still observed 
there are to be attributed, according to Oppenheimer, Snyder, and Berber 
(0 2), to such processes as that investigated by Kemmer (K 1). The 
frequency of the obseiwed bursts falls qualitatively in line with this 
assumption Moreover, the collision processes assumed here are of the 
Ifind in which the radiation forces of the Yukawa theoiy must play a 
decisive role, and the applicabihty of the usual foim of the quantum theory 
is very problematical. One must, therefore, leckon with the possibility 
that in a bui&t a number of mesons aie excited simultaneously, as is plaus- 
ible when a stiong Yukawa radiation is emitted One might then be able 
to cope Avith the truly explouve showers, winch seem to be of common 
occurrence as already demonstiated not only by the Wilson photographs of 
Fussell (F 7), Powell (P 6), Wollan (W 16) and Daudin (D 1) but also by 
the coincidence measuiements of Pompeja, Pantos, and Wataghm (W 2) 
and of Janossy and Ingleby (J 3) 

4. The Proton-Neutron Component 

Johnson (J 9) has enunciated and given supporting evidence for the 
hypothesis that the mesons are generated by a primary proton component, 
and the observations on the secondary character of the soft component 
suggest that the whole phenomenon of the cosmic radiation is to be 
attributed to a proton constituted primary radiation from external space 
If one adopts this hypothesis — and only future experiments can give the 
matter final clarification — then he can make the following assumption 
about the primary proton component’ With regard to its energy distribu- 
tion, the pnmaiy proton component is given by a spectrum of the form (1) 

F{E) = const " (4) 

where the constant is certamly greater than that m equation (1). This 
proton component is transformed m the highest atmosphere into othei 
components, and even at a height of 20 km most of its energy is already 
to be found in the soft and in the meson components, (1) and (2) respec- 
tively. The foim (4) of the spectrum should be sufiBcient to explain the 
corresponding form of spectra (1) and (2). This primary proton spectrum 
is apparently strongly absorbed m the atmosphere since, at the greatest 
hdghts where protons have thus far been sought, only a relatively weak 
proton component has been found. The basis for this strong absorption 
must be sought in nuclear processes and in radiation by collision. It may 
also have been established that neutrons are not to be considered as primaiy 
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cogmic rays since, according to the theory of |8-decay, they are radioactively 
unstable. However, the disintegration of neiitioiis has not yet been proven 
expeiimentally 

From the greatest heights down to sea level one finds a relatively weak 
proton and about a 100 times stiongei neutron component These ray.s 
aie not diicctly connected with the piimaiy ladiation. Their intensity 
vanes with the height in exact paiallel with the intensity of the soft com- 
ponent, according to Funfer (F 6) and Korff (K 6), and it can, thcicfoie, be 
regarded, except in the upjieimost la 3 mis ot the .itmospheic, as a secoiidai> 
radiation of the soft component The number ot neutrons is comparable 
with the electrons ot this component; that of the slow protons is smallei by a 
factor of about 100. Simultaneously with single pioton tracks, frequent 
nuclear dismtegrations m which sevcial (up to twelve) nuclear fragments 
have been tin-own out of the nucleus, have been observed on photographic 
plates exposed at great heights (Blau and Wambacher (B 25), yclia]jpei 
(y 12)) Here one has to deal, appaiently, either with processes by which, 
peihaps through piimary light quanta, energetic protons and neutrons are 
thrown out of the nucleus, oi with secondaiy procesises, which themselves 
are initiated by fast heavy particles (Bagge (B 1)) It is also natural to 
associate these piocesscs with the cieation of mesons and to assume tliat an 
explosive process is set off in the nucleus by a photon m wliich me&ons and 
heavy particles are simultaneously cioatcd and that these, in turn, can 
summon up other secondary proce.sses m the same nucleus The assumption 
that the mesons m the middle atmosphere and the heavy pai tides aie 
created by the same process, and frequently in the same act, is compatible 
ivith the frequency of the nuclear processes and of the various kinds of 
particles (Bagge (B 1)). The photographs of Fussell (F 7), as well as 
basic principles, support the statement that the meson production is, for 
the most part, tied in with nuclear processes Yet the experimental evi- 
dence now at hand is not sufficiently conclusive to settle this question 

The absorption of the neutron-proton component takes place quite differ- 
ently for the two kinds of particles. Tiie protons, if they do not have a 
very high initial energy, are rapidly slowed down by ionization The 
neutrons, on the contraiy, are absorbed by nuclear processes or, more 
frequently, they are slowed down by nuclear collisions until finall 3 ^ they 
are caught as slow neutioiLS in .such nuclei as, for example, N or H 

5. Other Components 

The meson component can be followed down to depths of more than 
400 m. of water; in the greater depths it becomes weaker relatively fast. 
But even in 1000 m. depth of water an ionization caused by cosmic rays 
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can be definitely demonstrated (cf. for example, the investigations of Clay 
(C 4) and his associates). Measurements by Bamothy and Forro (B 6) 
indicate that here the ionization is produced piincipally by a soft radiation. 
If this is correct, the lesult can be explained by the assumption that the 
cosmic rays are earned to these depths by a new electrically neutral com- 
ponent; as the carrying agent, one can invoke a neutral Yukawa particle or 
a Pauli neutrino. However, the.se questions can be answered only by 
further measurements 




CASCADES 

2. THE CASCADE THEORY 

Bv AV Heisexuerg*, Beilin-Dahlem 

111 passing thraugli mattci elections and positions c\eitc light, ciuaiita; in 
their passage thiough mat.tci light (iiiunta c\citc electrons and po.sitrons 
In the inteiplay of these pioccsses the encigv of a last paiticlc divides itscll 
again and again into a laigc nunibei of slow particles; a cascade is genci- 
ated The multiplication and absoiption of the soft component and the 
formation of showere and buists ate founded upon this process The fol- 
lowing section will present bv deductive leasoning the mathematical 
theoiy of cascade* toimation ('oinpaiison intli e\peiiment is left for hit >1 
sections 


1 . The Elementary Processes 

a) Radiation-by-collision. If an election'’ Hies jmst a chaiged paiticle, 
it will be deflected ti oin its oi iginal diiection ot flight AA'^ith this deflection 
theic IS associated a tianstei ot eiieigv to the deflecting paiticle Foi 
elections whose velocities diffei appieciablv tiom that of light this is the 
most impoitaiit cause ot then letaidation in passing thiough mattei 
The piincipal lole is plaved bv the outei elections of the atoms, and the 
usual lesult is ionization This kind of eneigv loss will be called “ioniza- 
tion” for short 

In the case ot \eiv tast elections anothei eneig\ -losing piocess becomes 
more impoitant than the ionization, le laduition-liv-collision With the 
change of direction of the electron’s patli theie is associatcil a change of 
the electi o-magnetic held in the electron’s vicinity Thei ewith the electi on 
becomes the staiting point ot an electi oinagnetic wave, oi, accoiding to 
quantum language, theie aie emitted one oi moio light quanta The 
piobabihtj' of this piocess has been calculated l)v Sautei (S la), and b3" 
Bethe and Heitlei (B 16 ) The effective cross-section dQ toi the emission 


•The following text was composed by C F v. Weizsacker after a symposium by W. 
Heisenberg and with the use of a denvation by D. Lyons Extensive calculations by 
S. Flugge and G Moliire were also used 

’Unless stated to the contrary we will understnnd by the woid eleclion both the 
positive and negative particle 
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of a light quantum whose energy hes between k and fc + dfc by an electron 
of energy E passing by a nucleus of charge Ze is 




Since the effective cross section is pioportional to Z*, the effect of the atom 
nucleus must be considered as large compared with that of the orbital elec- 
trons, except m the case of the very lightest elements, which are not of par- 
ticular mterest in relation to the cosmic rays The effect of the orbital 
electrons comes mto the above formula only m the logarithmic teim; this 
term owes its form to the calculation of the external screening of the nuclear 
field by the method of Thomas and Feimi 
The factor in brackets in (1) has the value 4/3 tor k = 0, 11/12 toi 
k = E/2, and 1 for K = E Only a small eiior is introduced if it is always 
written as unity. This approximation will be used in what follows; the 
error is less than that of other approximations to be made IVe obtain then 
for the number of light quanta m the iiiteival dk, which an electron of 
energy E » mc^ excites by collision along a path inteival dr 

dn{k) = — • — (2) 

*0 K 

Here the length Xo, designated as the radiation umt, is defined by 



N is the number of scatteimg atomic nuclei per cc. From now on all 
lengths will be measured m i adiation units If lengths measured in radia- 
tion units are designated by the letter I, Equation (2) takes the simple 
form 

dn{k) = dl-Y (4) 

The reciprocal of the radiation umt inci eases nearly quadratically with the 
atomic number and linearly with the density of the retarding matter. 
For lead the radiation unit is 1/2 cm , for air over 300 m. A table for 
various substances is given in the following chapter by G. Mohfere (p. 33) 
The radiation unit is the distance over which the energy of an electron 
decreases on the average to 1/e of its origiaal value. The mean energy loss 
per cm. is 

^ = -L f" ^ . jc ^ -i. 

dx Xg Jf, k X(i 


( 5 ) 
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and hence 

E = Ea 


( 6 ) 


One can say: the number of light quanta l3dng between k and k + dk which 
are excited along the unit path Xa is proportional to 1/fc, while the total 
energy, propoitional to k • \/k, is the same for quanta of all energies. That 
IS to say, all energj' losses are about equally probable Since the energy lost 
per unit path by ionization is practically independent of the primary 
energy, one understands the dominance of the encrg}'^ loss through radiation- 
by-colhsion for high primaiy energies. 

b) Pair formation. In passing through matter light quanta whose 
energies are not large compared with m<? lose energy by the Compton 
effect and the photo-elcctnc effect, i e. by collisions with electrons. The 
light quanta of the cosmic lays, on the contrary, lose their energj'^ predomi- 
nantly by the formation of electron pairs This process beais a certain 
analogj' to radiation-by-colhsion, accoidmg to the Dirac theoi y of positions 
it can be regarded as the inverse of the collision radiation process In ladi- 
atmg by collision an election in passing neai a nucleus makes a tiansitioii 
from a state of high eneigy to one of loner energy. In the inverse of this 
process a light quantum in passing by a nucleus (whicli is necessary 
for the process in older to take up the e.xcess momentum lesulting from the 
conseiwation Ians) is absorbed by an election, which then goes to a state 
of higher energj' Pair foimation comes in then when the absorbing 
electron is oiigmallj' m one of the possible negatiye encigy states of the 
Dirac theoiy As long as its energy was negative, this electron belonged to 
an infinite density of electrons of negative energ}- and, according to the 
assumption of Dirac, could not cxcicise any physic<al elTect However, if it 
receives some positive energy, in the fust place it becomes real, and, m the 
second place, the remaining gap in the (listiibut.ion of elections of negative 
energy appears as a position 

The effective cross section toi the excitation of an election pair for which 
one electron has the energy E (the other has energy k — E) hy & light 
quanta of energy ^ is, for k aic*, according to Bcthe and Heitler (B 16) , 


( e^\dE\(E\ , BV , 2 E( , M], 183 ,,,, 

Is?) Tl[-h) + - i) + 3 


-1- smaller teims 

The bracketed factor equals 1 for £ = 0 and E — k; it has the value 2/3 
for E = k/2. Therefore, again, one can take it as a constant without too 
great an error, i.e., assume that the primary energy is divided between the 
two electrons in all ratios with equfd probability. If the formula is inte- 
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grated over E and multiplied N, one obtains for the probability that 
one pair is produced by a light quantum on the path increment dx or dl 
respectively 

fju = \— = ldl=m ( 8 ) 

where 7/9 is abbreviated by S 

c) Ionization. Thiough the mteiplay of ladiation-by-collision and 
pair formation a cascade is geneiated bv an eneigetic piimary paiticle which 
continues to gio\% until the energies oi the component pai tides become too 
small The limiting eneigy is defined as that at which the eneigv lost by 
ionization begins to predominate over that lost bv ladiation Thus, il an 
election produced by pair foimation has so little cneigy that on the ne\t 
radiation unit path length lo mIucIi it tiavcises it loses most ot its energy by 
ionization, then its luithei contiibution to the caseade is to be neglected 
within the approximation of the piesent calculations We consider, there- 
fore, that the cascade development is broken off if the cneigy of the election 
IS equal to the eneigy lost by ionization per ladiation unit of chstanee This 
we will call Ej In the simple approxunation vie assume that, foi E > Ej, 
the ionization loss can be neglected, while for E < Ej, the radiation loss is 
negligible More precise investigations by Arley have shown that, w'lth 
this approximation, eiiois up to 50% can bo introduced 

Thus we mav wiitc 



The ionization loss pei cm is piopoitional to the number ol electrons pei 
c.c., or to Z, whereas in is invciscly piopoitional to Z\ Theiefoie Ej is 
nearly propoitional to ^ 'Z An appioximatc interpolation foimula 


is 


16(K)wic° 

Z 


( 10 ) 


A table of Ej is given in the following chapter bv Molicro (page 31) 


2. The Fundamental Equations of the Cascade Theory 

We now considei the formation of a cascade' We simplify the calcula- 
tion by the assumption that all particles are emitted exactly in the foiward 
direction so that the number of particles will be considered as a function 
only of the path traversed and not of the angle of deflection as well. The 
angular scattermg is dealt with m the next chapter by G. Moliere Our 
procedure closely parallels a treatment of Landau and Rumer (L 2) We 
mti*oducc the following symbols. 
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F{E,l) = numbei of electrons of an energy >E a,t distance I from the 
staitmg point of the cascade, 

G{E,l) = number of light quanta of energy > E at distance 1. 

The numbers of elections and of light quanta between the eneigies E and 
E + dE are then given, icspcctively, by 


( 11 ) 


If these particles tiavcise the path segment dl, the number of electrons is 
changed according to the equation 

F(E,l + dl) = F(E,t) - dF(E,l),,a + dF{E,l)^,„ (12) 

where dF{E,l)^^i is the number of electrons whose energy drops below E 
along the segment dl because of radiation losses, and dF{E,l)„„ is the 
number of elections of cneigv gieatei than E which appear on this segment 
by pair foimation Since an electron of energy E' > E loses an encigy 

.B' 

greatei than E' — E with the piobabihty dl / dk/k, then 

J 

dF(E,V),.^ = r dE'}{E',l) dl r (13) 

On the othei hand, a light quantum of eneigy E' excites, according to (8), 
2 5dl electrons whose energies he with equal piobability in the innge 0 — E' 
Here we aie interested, however, only m the fi action which lie m the langc 
E to E' Therefore 

dF{E,l),„, = rdE'g(E',l) 2Sdl^^-^ (14) 

Jh E' 

Analogously no obtain toi the change in the iiumboi of light quanta 
G{E,l + dl) = G{E,l) - d dl G{E,I) + f dE'f(,E',l) ■ dl T ^ (15) 

Jg iC 

If we introduce dF/dE and dG/dE in (12) and (15) in place of f and g, 
divide through by dl, and transform the resulting expressions by partial 
integration, whereby it is assumed that F = G = 0 tor E' = <*> , then we 
obtain the fundamental equations of the cascade theory 


f{E,l)dE = -^^^dE, 


g(E,l)dE = -^^^dE. 
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+ 2S G(E',D dE' (16) 
= -8 • G{E,D + 

3. Solution for a Power Spectrum 

The integro-differential equations have two properties which make it 
easy to find a special solution: (1) they are linear in F and G so that the 
sum of two solutions is also a solution, (2) they are homogeneous in E and 
E' so that one can write 

f = f 

and obtain an equation depending only on ^ and 1. 

We write F(E,l) = F(i) • E-, 


s > 0 


G(E,l) = GQ) ■ E-\ 

and obtain for FQ) and G(J) the differential equations 
^ = F'(i) = -v(s)F(i) + 28 

[ (19) 

® = (?'(Z) = -sG{t) + 

(Lit 9 ^ 

These equations no longer depend upon Therefore, if a power spectrum 
obtains for Z = 0 it will also have the same form for all values of Z. a{8) is 
the following integral: 

“ r (r ~ 0(i ■■ ^ 

C = 0.677 is the Euler constant, i/ is the logarithmic derivative of the 
gamma ftmction. 


Hf) = a;l 08 r(» + !)• 


^ also has the property that 


lZ’(« + 1) * iis) + 


( 22 ) 
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Also it is noted that 

ff(l) = 1. n{2) = I ff(3) - -VI 

and 

lim ff(s) = log 8 -1- 0.677. 

In order to solve equation (19) we write 

F(D = a,e-“‘ -f 0,6—', I 
G(l) = b^e-“‘ -I- 6,6—'. J 

When substituted in (19) this gives the conditional equations 

o» 

[k - (r(s)]o -1- - q7 -j-6 = 0, 


^+(8- 5)6 = 0, J 

which give the relations between Oi, 6i and k, or o,, 6,, «,, respectively. 
It follows that 


•g = s(5 — «), 


with the double solution 


- - 4 - 4 . 25 1 * 

Ki.s - 2 ^ L\ 2 / 8(8 -i- 1)J • 

The following table shows how the solutions run: 


a 

0 

1 

00 

Kl 

+ a> 

1 + 6 

log s + 0 H77 


— 00 

0 

5 


If one expresses a in terms of 6 and k it is found that 

F(,l) = 6,8(5 - 8.)6— ' + 6,8(5 - *,)6— ', I 

G(l) = 6,6—' + 6,6—'. J 


(28) 


Intuitively, our result has the followmg meaning: The number of particles 
in a cascade which initially has a power spectrum is given by the sum of 
two exponential functions. Of the two exponents, the larger, k,, is alwajrs 
positive; the contribution represented by it, therefore, decreases continu- 
ously with increasing I and always at a greater rate than the other con- 
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tribution. It represents the regenerative processes which come into 
prominence if the relative numbers of electrons and photons are not initially 
the same as would exist in a self-constituted completed cascade For 
example, one can represent a cascade which initially possesses only electrons 
and no photons if one wiites bi = —b^ To the lapid deciease of the terms 
with si theie then corresponds an increase of G{1) with I until the first 
teim has become vanishinglj^ small, and then the couisc of G is governed 
by the second term only k-^ is negative for s < 1, positive for s > 1, and 
zero for s = 1 The value of the exponent determines whethei the number 
of particles in the cascade increases oi decreases This is the phvsieal sig- 
nificance The energy content of the cascade as a whole is 

= j 11(E) + ff(E)]EdE ~ J E- dE (29) 

This integial diveiges logaiithmically for s = 1, it dii^erges at the upper 
limit for s < 1, and it diverges at the lower limit for s > 1. The diveigence 
at the lower limit is physically without significance since actually the cas- 
cade spectrum stops at Ej A cascade with s > 1 has, therefore, a finite 
energy content, which must giadually become exhausted on account of the 
constant loss with iiicieasmg I of those pai tides whose energy is less than 
PJj. On the othei hand a cascade with s < 1 would have an infinitely laige 
reserve of energy in the high lange from wdiieh a given energv iiitei val would 
continuously gam more than it would lose to the lowei range In natuic we 
naturally have only cascades with finite total energies, i e , spectra with 
s < 1 cannot extend to ailntiaiilv laige cneigies. After an mitial inciease 
in the number ot particles there must be a succeedmg decrease The pri- 
mal y spectrum of the cosmic lays can apparently be represented in good 
approximation by a power law with s = 18 The cosmic rays m the at- 
mosphere must, therefoie, be a cascade with the number of particles de- 
creasing exponentially with depth Accoidingto (27), for s = 1 8, /t, = 1 74 
and /ij = 0 40 The final decrease must, Ihciefore, be represented by c”" 

1 e., a decrease to the cth part every 2 radiation units (3/4 m HjO) For the 
soft component below' the maximum this condition is rathei well satisfied, 
a fact which thus coiifiiins the cascade clrai actor of this component The 
fact that a maximum of the intensity occura in the high atmosphere must 
be attributed to a deviation of the piiinaiv spectium fiom the power char- 
acteiistic A satisfactoiv explanation is ahead}' offered by the fact that 
charged pai tides of less than a ceitain energy cannot penetrate the earth's 
magnetic field. According to recent investigations, moreover, the primary 
rays appear to consist not principally of electrons but of protons; hence, the 
cascade theory, in the form developed here, is to be applied only to that 
part of the radiation which definitely consists of electrons and light quanta, 
i c , to the soft component fiom the maximum on doivnwards. 
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4. The Fonnation of a Single Cascade 

We now abandon the assumption that the spectrum ongmallj'^ has the 
powei characteristic and calculate the building up of a cascade which is 
initiated by a single election of a given eneigj' In this we follow the 
attack of Landau and Rumer (L 2) 

We mtioducc two new functions of the paiametei s thiough the equations 



These functions have the same significance m the lesolution of the tunctions 
f{E,l) and g{E,l) into a poivei spectiiim E~' as Foiiiiei coefficients have iii 
the resolution into tiigonometiic fimctions. The new functions /(s,/) and 
g{h,l) satisfy the same difterential equations as oui earlier functions F(Z) and 
Cr(Q, i e , the equation (19) Accoiding to (28), we can, therefore, write 
down the solutions immediately 


/(«,/) = b.s - ^.)c■“' + M (« - ] 

!/(8,0 = M"-' + J 


(31) 


Heie it IS to be obseived that &i and ht are functions of the parametci s 
If, initially, {I = 0), no light quanta are present, then 

h, = -b, = b{s) (32) 


If at the start there is just one electron present with enei-gy Eo, then the 
incident spectium can be described by 

f(E,l = 0) = SiE - Eo) (33) 


The function d(x) here signifies the Dirac singularity function which is 
defined by the two equations 


S(x) = 0 for a: 5^ 0, 


J 8(x)€lx = 1 for any e. 


Therefore, 



( 35 ) 
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From (31) it follows that 


Hs) = —- Y 

«(ki — Kj) 


This put back again into (31) gives 


/(s.O = 


-[-(« - <c.)e-‘*' + is - K0e"“!l, 


In the bracketed factors we can neglect the term in e~“'. Since, initially, 
only one particle is present, and ki is always positive, this term is always 
less than 1; on the other hand, we are interested in actual showera where the 
number of particles is large compared to 1. 

We introduce the following abbreviations 

■og^ = y, 

^ r (38) 

E • fiE,t) = . 

and obtain fiom (37) by neglecting and from (30) 


V 0 ^2 


We will now carry through an approximate calculation to determme <p 
and / respectively from this integral equation The integrand has a sharp 
maximum at a value of y which we designate as As we will see later, 
this maximum is the steeper, the larger the number of particles that are 
formed y„ is determined from the condition 


(I). — ' >■ 


We develop tpiy) in the neighborhood of the maxinuiTn (saddle point 
method): 

viy) - ys = viy^) - ay„ + iy - y^y, (41) 

taking into account only the terms included above and integrating from 
— <» instead of from 0. Thus we obtain for the integral the approximate 
expression. 


^ S Kj g-««( 
'~<p"(ymV ~ *2 
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or by taking the logarithm 

= x(«,y-), (43) 

in which 

- log[^ («) 

We now drop the index m. Differentiating (43) with respect to s we 
obtain, together with (43) itself and with (40), the three equations 

I. - sy+ K 2 (a)l - x(a,y), 

II. -y+ 4(s)l = 

III. ^ - » = 0. 

sy 

Before we solve these equations let us picture to ourselves their meaning 
The original equation (30) holds for all values of s. The equations (45) 
now relate each value of s to a given value of y. The equation (45, III) 
means, for instance, that y is that position in the spectrum where F{E,l) 
behaves as a function of E, of the form E~‘. From equations (II) and (III) 
we can compute « as a function of y and 1. We know in this way with 
what power of E the function F may be approximated at each position I 
and in the vicinity of each energy value E. If we put this value of s in (I), 
we then obtain an expression for viy,l) itself and can thereby also calculate 
/ and F directly. Smee in the end we wish to know only F, we will not 
calculate s, <p, and / explicitly but constnict the right combination of thase 
values immediately 

x(s,y) as a logarithm is slowly variable with s We, therefore, neglect 
the ri^t side of (II) When we differentiate (II) with respect to s we 
obtain 

= Kt'l + small terms (46) 



By differentiation of (III) with respect to y and by taking (46) into account, 
it follows that 


3*9 _ _ 1 

W~ 3y~ 4'1 


(47) 
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and 

+ ( 49 ) 

ds os (£, — Ko i 1 ^'' 

which, when introduced into (45 II), results in an equation for s 
In the following we interest oui selves in the total number n,i(l) of elec- 
trons in a cascade after traversal of a layer of matter of thickness I, 

n.,(l) = F(Ej) = r /(E,l)dE = r c'‘“ "di/, (50) 

Jgj •'« 

where 

y. = (51) 

For E > 10‘"eF, yj > 5. viVil) increases rapidly with y, we can, therefore, 
write with good approximation 

^ dy • expj^v>(l/^,i) + (y ~ j^/)J 

(52) 

-[«’ 

According to (45, III) (d<p/dy),^ = s(yj,l) Since s is of the order of 
magnitude of 1 and y is appreciably greater than 1, we can neglect in 
satisfactory approximation the second term in the factor and obtain 

'Vs(i/.,0 (53) 


5. Evaluation of Results 

a) The Position of the Cascade Maximum. The number of electrons 
of a cascade must at first inoiease and then decrease. We designate by 

I the value at which the number reaches a maximum. s{yj,l) is a slowly 

varying function of I Therefore, the maximum of (i) coincides approxi- 
mately with that of c*’’'-' Finally, tiiere is not much importance to be 
attached to the precise value of smee the function n,[ passes through a 
veiy flat maximum We, therefore, postulate 



From (45, 1) one gets, by n^lecting the right side. 




_ Ski , ^ 
ds dV 


dl 


(55) 
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The sum of the first and last terms of the ri^t side of (55) is, according to 
(45, II), about equal to zero. Therefore, there remains 

K, (O = 0 (56) 

According to (27), this means that 

s(j//.L.«) = 1 (57) 

This IS to be intuitively interpreted as meaning that as long as s < 1 for 
E = Ej the number of particles continues to increase, but when s > 1, 
the number decreases in accordance with the results of the pure power 
spectrum. The region near Ej, however, contributes most abundantly to 
iJie number of particles of the whole cascade. For s = 1 

K, = 1.78, K, = 0, Ki = 0.98, Ki' = -141, = 2 83, (58) 

* - +“■ 


If we put the above values in (45 II), and, in Ime with the adopted approxi- 
mation, neglect the right side, it follows that 


= -,yj = 102 log 


b) The Number of Electrons and Light Quanta at the Maximum. 

From (48 I) it follows that 

ip{yj,lninx) = [ayj — kj/™.. -f- x(s)I.-i = 3// + 0 13 — log (Ibu)^ (60) 


whence 



0 13 Eo 
(L„)‘ ” 


(Cl) 


While Z„„, therefore, changes only logaiithmically with the initial energy, 
the size of the cascade at the maximum is propoitional to the latio of the 
initial to the ionization energy Both conclusions were to be expected 
intuitively. The distance of the maximum from the starting point is 
proportional to the number of collisions required for the initial energy 
quantum Eo to divide itself into quanta of the order of magnitude Ej. Since 
each collision about halves the energy the number of collisions is propor- 
tional to log (Eo/Ej). On the other hand, the size of the cascade at the 
maximum is given by the number of quanta of size Ej into which Eo can 
be split. 
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Aiwir Hin g to (37), tile ratio of the number of light quanta to the number 
of electrons is 

^ = -JT -Y ( 62 ) 

n,i s{d — Ki) 

But at the maximum « = 1 and kj = 0 lo, because S = 7/9, 

n,{max) == fti.i(max) (63) 

c) Approximation Formulae for the Development of a Cascade. Accord- 
ing to (53) and (45 1), if we abbreviate yj with y, 

n..(0 = ^ (64) 


<p(y,l) = sy — ict(a)l x(s)- 


According to (45 II) 


y = Ki(s)l - x'(«). 


For Ka and x(j)) we now make the approximations, which are su£5cientiy 
precise in the interesting range 1 < s < 3: 


K, = 1 - 

8 


X = -f - ^8 - |logl 


a = 1,4, 0 = 0.56 

From this it follows that 

and 

n.,(i) = (f^)^ • ^ ( 69 ) 

The essential part of the expression is the exponential factor The whole 
expression is valid only for large values of 1. In this case the root in the 
eiqionent predominates with increasing I, and the more so the larger y is; 
the number of electrons then increases exponentially. Finally, however, 
the tenn —2 dominates the expression, and the cascade is absorbed as e~‘. 
For the light quanta, according to (62) and (67), it follows that 


n, = 


(70) 
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At the start of the cascade thei’c are about as many light quanta as elec- 
trons; from the maximum on, the light quanta become more and moie 
predominant 

d) The Number of Electrons with E < Ej. Accoiding to Arley (A 5), 
one can make the followmg evaluation. We assume that after an electron 
has reached the energy Ej it radiates no more but loses energy only thiough 
ionization Smee Ej was defined as the point wheic, according to a iiioic 
exact calculation, the loss of energj' by radiation was equal to that by 
ionization, the electron must continue its coui-se foi another radiation unit 
before it has lost all of its energy by ionization Since the energ}-^ drop by 
ionization is propoitional to the distances covered, the electrons wliich 
have energy E < Ej have, therefoie, traversed a fraction e = 1 — E/E, 
of a radiation unit since thev had the energj' Ej Thus it follows that 

K‘'-' - [> - O 'S' -I; 

f(E,l) dE = dE (71) 

\ 0 foi K 1 - ~ 

If we develop / in the vicinity of I one finds 

f{E,J) = /(£;., f){l - * log f{Ej,r^ (72) 

We constiiict the number n*, of all electrons under Ej 

n\, = KEME = Ejf{Ej,D\l - ||^log/(^.,0} 

(73) 

With the approximation used above, this leads to the formula analogous to 
(53) 



In particular, therefore, at the cascade maximum (8=1) the number of 
electrons of energy under Ej is about as large as the number of electrons 
a,bove E^. 




3. THE LARGE AIR SHOWERS 


By G MoLifeEE, Berlin-Dahlem 

In the foregoing chapter the cascade theory was presented in so far as 
it had to do with the actual development of the cascade, i e , with the 
multiphcation of particles and the partition of energy For this purpose 
the angular scattering could be completely neglected and the calculations 
carried out as though all cascade pai tides preserved without deviation the 
direction of the oripnal particle which unleashed the cascade The recogni- 
tion of this angular scattering and the computation of the angular and 
spatial distnbution of cascade particles induced by it require an extension 
of the theory which is to concern us m the following treatment The moat 
essential application of this is iii regard to experiments which have to do 
with the extensive showers as the most important cascade phenomenon 
(See the final section of this Chaptei. p 37) 

1. Qualitative Picture of the Shower 

Before w c engage m the calculations themsclveb, let us attempt a quali- 
tative picture of the cascade showera The complete neglect of the angulai 
deflection icpiesents the chaiactoiistie starting point of most theories, 
and the shower is regaided as maintaining the precise direction of the 
initiating piiniaiv particle Ilowevci, it cannot bo stud that only small 
deflections omu, for example, in cascade showers m lead, laigc angular 
divergences may occiii tluoiighout For the piogrcssivc development of a 
cascade fiom place to place the greatest impoitance attaches to the rela- 
tively small number of particles of high energy'll which have piacticaJly no 
angular deflection and are spatially concentiated m the dense core of the 
shower. On the other hand, the particles of low' energy, which are piesent 
in super 101 numbers and contiibute m laigest measure to the spatial and 
angulai expansion of the showci, play only a small part in the further 
development of the cascade As the showei pi ogresses fiom place to place, 
those lose their energy lapidly and completely while, simultaneou-sly, 
through cascade processes new paiticles of low energy are supplied from 
the core of the shower. This goes on until the energy reserve in the core is 
spent. From what has been said, it follows that the spatial and angular 
w'idths of the showei vary only slightly along the path of the shower The 
numbci of pai tides passing through a surface of unit area is very great at 
the core and even approaches mfinity at the center, towards the outside 
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it falls steadily off, and corresponding statements also hold for the angular 
distnbiition 


2. Previous Calculations 

Euler and Weigcland (E 8) were the firet to attack the piolilcm of the 
angular and spatial diatrihution of pailiclcs in a cascade showei This 
work gave the main featuios of the rclationships in showers; in details 
their results can, on the whole, be improved quantitatively and, in part, 
also quahtati\ely because of then neglect of vaiious effects the influence of 
which has been estimated by the author These are 

a) the neglect of the large statistical fluctuations of energy loss suffered 
along their paths by (he shower elections thioiigh the emission of quanta 
by collision, 

b) the neglect of the eontiibution of eailiei geiieiations to the deflection 
of showei particles of latei generations, 

c) the assumption of a Gaussian function foi the spatial and angiilai 
distnbution of the particles of equal eneigj' in a showei. 

For calculating the mean squaie of the spatial and angular deviations 
in a shower, a method in which these factois aie not neglected has been 
given by L Landau (L 1), however, the numeiical lesults of this author arc 
incorrect because of computational eirors in the numerical data. The 
form of the distribution function was not investigated by Landau. We 
have, therefoie, lepeated the calculation of Eulei and Wergeland by a more 
accurate proceduie, which is to be attributed in part to Landau (RIolifeie 
(M 4)). The most impoitant results of these calculations weic a gieatei 
spatial extension of the shower by a factor of 3 4 and, at the same time, a 
stronger branching of the coie of the show'cr than w'as given by the w'ork of 
Euler and Wergeland Snnilai lesults are also contained in a note by PI A 
Bethe (B 1.5) 


3. The Source of Angular Scattering 

Practically the only source of angular deflection of the shower pai tides 
which has been taken into account by all authois is the Rutherford scattei- 
ing of the shower elections in the electrostatic fields of the atoms The 
mean square of the change in angle which an electron of a given energy E 
suffers in a given path distance, m conscquency of Rutherford scattering, 
has been calculated by Williams (W 9) and can be wiitten, with reference 
to Euler and Wergeland, in the form 

d(e*) = §dl (K ^ 2 • 10" eV). (1) 

Here dl is a small element of the path of the electron measured in radiation 
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units Xo. — In addition to the Rutherford scattering, other sources of angular 
scattering also exist, including the process of pair formation and quantum 
emission by collision as well as the Compton processes of the light quanta 
along their paths The angulai deflections n hich are introduced by these 
processes per radiation unit, accoidmg to the estimates of Euler and Werge- 
land, are smaller by a powei of ten than those given by (1) Since we have 
to deal with the sums of the squares ot the angles, the otliei sources of 
scattering amount to about 1% of (1) 

4. The Mean Square Deviations 

The aiigulai deflection and the spatial separation of the pai tides from 
the showci axis aie described by the two dimensional vectors 6 and r in the 
plane perpendiculai to the axis (Here it is assumed that the angles occur- 
ring in piactice are so small that it is not necessaiy to distinguish between 
the angle and its sine). Because of the cjdmdrical symmetiy of the prob- 
lem, the angular and spatial distiibution of the particles m the shower are 
characterized in the main by the mean .square of their deflections 0 and t 
To this we may also add the mixed mean square of the deflections (0,t), 
which charactenze.s the coupling between the spatial and angular deflec- 
tions The process of reaching a state given by the mean square deflections 
of the particles of a given enei gv at a point in a showei is briefly explained 
in what follows 

Just as with a projectile fared from a distance at a screen, so here a small 
change in angle 50, experienced by an electron at a distance I from the 
point in the showers under consideration shows up as a spatial deviation 
5r = Z • 50 The contribution from an element of path dl at distance Z 
from the point undei consideration to the mean square deviation of an 
electron of energy E is, therefore, according to (1) 


d(0-) = K^E'--{l)dl. 

(2a) 

die, r) = K-E^\l)m and 

(2b) 

d(P) = 

(2c) 


Here E) is that energy which the electron had at the distance Z 

back of the point under consideration, in view of the fact that it loses 
energy by the emission of radiation by collision on its path to the latter 
position. The expressions (2) are, therefore, to be averaged over all possible 
values of the energy E'(J), taking account of the pi-obability for energy loss 
by radiation by collision. (In Euler and Wergel and’s calculation t^ pro- 
cedure was simplified in that the mean value E'~^{I) was replaced by E'~^{1), 
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which was the first of the neglect ed eff ects listed At the point of the maxi- 
mum development of the showei and 

In adding up the contributions made bj' the separate path elements dl to 
the mean squaie deviation, one must take account of the fact that the 
electron has at one time been created m pair formation by a light quantum 
The expressions (2) must, thcicfore, be multiplied by the age piobabilitv 
Q{1) (= e“‘ at the maximum point of the showei) When one integiates 
the lesulting expression between the limits I = 0 and I = » , he obtains the 
contiibution of the last generation to the mean squaie deviation of an 
electron of energy E — Finally, it is to be obseived that eveiy particle at 
its point of formation already has a spatial and angular deviation given it 
by its ancestor particles and representing the inheritance of it” entire 
previous histoi-y. We uull not go into this m greatei detail here but list 
in the followmg Table I the icsults foi the mean squai e deviation of shower 
particles of energy E 

Here 6 is to be undei stood as measured m aic and r in radiation units; 
K is the constant for angular scattering given bj^ (1) The difference 
between the second and the first columns of Table I lests entiiely upon the 
improved energy statistics. 


Table I 



1 Kvut C.ilrulutioii 


Accoiding 

1 Elections 

Light quanta 


to Eullr 

Portion 




and 

fiom lust 

'1 Otill 

Total 


WtlK.EL\ND 

generation 



E’-- 

0 333 

0 54o 

0 b 

0 2 

^ (i~t) (E) 

__ 

0 29.S 

0 437 

0 10.1 







0 071 1 

0 162 

0 83.5 

1 314 


_ Comparison of the second and third columns shows that, especially with 
the contiibution from past experience is veiy essential. After Landau’s 
computational errors have been corrected, his method, mentioned in the 
begmning, gives the same or similar numerical values as tho.se entered m 
columns 3 and 4 of the table, depending upon which form of the Bethe- 
Heitler equations are used. (cf. Chapter 2 by Heisenberg pages 12 to 13, 
eq. (1 and 7) Landau himself uses these equations in a somewhat more 
complicated form) 
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5. The Distribution Functions f(Et6) and f(E,r) 

In order to calculate the distribution functions for the angular and spatial 
dispersion of cascade pai’ticles, we start out with the integro-differential 
equations set up in the work of Landau cited above 


Af + Bg + ~Aef - (e,V,)/, 
If = C/ - I , - (e,V.)p. 


(3) 


Here/ and g are functions of E, 0 and i In particular, the quantities in (3) 
have the following significance* 

f(E, 0, v)dEdTedT, is the number of electrons which strike surface element 
dr, at r with an energy m the range dE at E and from a direction within the 
range dre at 0; 

g{E, 0, t)dEdTQdT, is the coi responding quantity for light quanta, 

I is the path length in radiation units traversed by the shower; 

A, B and C are integral opeiatora which operate on E; 

* ^ 

Ae is the Laplace Operator m the 0 plane; 

V, is the gradient in the r plane and 

K is the constant in equation (1) 

The equations (3) are the integio-differential equations of the cascade 
theory (similai to equation (16) p. 16 in Chapter 2, Heisenberg, but for the 
differential spectmm) completed by terms which describe the changes of 
/ and g in consequence of the angular and positional changes of the particles. 

The additional term for the angular variation, = ^^A/ evidently 

has the form of a diffusion equation; the term With the operator (0, V,) 
takes into consideration the change in position of the particles in conse- 
quence of the already existing angular deflections. For comparison with 
experiment it is sufficient to calculate the distribution function f{E, 0) 
(mdependent of i) and/(F, i) (independent of 0) for the point of maximum 
shower development. To this end we have taken the following course: 

In the first place by the introduction of the new variables 


0' = ^ 0 and r' = 


K 


one can make tlie integio-differential equations no longer dependent upon E 
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explicitly. At the same time these substitutions fulfill the condition that 
in the limiting case fC — » 0 (i e. with vanishing angular scattering) the 
distribution fimctions / and g take the form of 5-functions with respect to 
the variables 6 and r. This means that the angular and spatial deviations 
of the ensemble of shower pai'ticles vanish, as must be the case since the 
shower has been developed by a single penetrating particle Next the 
function /(£/, 0', r') is converted by a fourfold Fourier-Transfoimation with 


respect to the variables 0' and r' to a function ip(E, f , p) [and, correspondinglj% 
g{E, 0', r') IS converted to yp{E, f, where f is the new vector variable 
coirespondmg to 0' and p that coiiesponding to i' Fiom the form E~^dE 
for the energy spectmm at the maximum point, it follows that ip and ^ 

(2E\' 

depend on E only through the factor E~^ • ( ) which we separate out in 


what follows It suffices to know <p and ^ in those langes of the argument 
in which f and p have the same direction On aeount of the cylindiical 
symmetiy of the problem one comes out with two independent scalar 
variables f and p ip(X, 0) measures the angular distribution and ^(0, p) the 
spatial distribution. 

The relations for the angulai distribution aie the simplest Here, if one 
puts p = 0 in the integro-differential equation and eliminates he 
obtains for <9(f) the purely integral equation 


f ^ df' - f f dj" f + f V(f) = 0, (4) 

•'ll t ~ C i 


which we use in the following miuiner for a step-wise dcteimination of v’(f) 
In the first place one secs tiom the equation that ip{f) is always positive 
and falls off moiiol onically, and at lai ge values of f as f Also one can de- 
iive from (4) the coefficients of the powei seiie.s expansion of <p{0> from 
which the function is known m Uic initial lange Finally, the mtegial 
equation will be used m the following manner to foim a numerical constinc- 
tion proceduie foi calculating the function ip{^) One divides the coordinate 
f mto inteivals of a convenient size t, let be the value of the function for 
the argument f = ne (n = 0,1,2, ) One now e\pi esses the mtegial m 

(4) approximately by summing ovei the index n The summation equation 
obtained m this way from tlie mtegial equation can be regarded as a 
recursion formula for the function <p^, from which the next term in sequence, 
^„+ 1 , can be deterimned as soon as the series ipo, <Pi,<p 2 •• <Pn is known The 
procedure can be carried through very precisely and forms the basis, m 
spite of the complicated form of the integral, for computing the function 
satisfactorily up to rather large values of the argument The results of 
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this calculation can be represented with a precision of about 1% by the 
interpolation formula 

% CL a 1 {i\\ 

^ (1 + " 0+7?^ ^ 

with a = 3.473, d = 1 05 and ff = 0 912 

From this one deduces by a Fourier-Transformation (which in this case 
mvolves the Be&sel-Function Ji,) the following expressions foi the energy 
and angular distiibutions of the electi oils’ 

( 6 ) 

with the same constants as (5). 

The relations are more complex in the case of the spatial distribution 
For this case also a construction procediiic may be developed; howevei, 
one cannot make f = 0 on aprioii grounds, since the value of the function 
at f = 0 depends upon the course of the fimction p) when f 0 
Therefore, one has to evaluate the coume of the function ui a suitable initial 
region of the f , p-plane with the help of various series expansions Startmg 
out with these one can then dcteiinine the further course of the function 
in the f, p-plane with the help of a construction proceduie. The lesult of 
this calculation at f = 0 can be lepiesented with a pieei'^ion of about 3% 
by the intei-polation formula 



<p(p) = 


(1 + «pr 


a — I 

(1 + 


with a = 2 8, a" = 1 30, and /3* = 0 71 By a Fouriei Transformation one 
obtains as the distiibution function of electrons with respect to energy and 
spatial separation from the shower axis 



with the abbreviation 



where H, signifies the Hankel Function of the first kind. The function 
f{E, 0), according to (6), and f{E, r), according to (8), are quite different 
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from the Gauss function, especially the latter which varies as r"*''® near 
r = 0 — It should be furthci stated that all of these calculations, in par- 
ticular the results (6) and (8), apply to the energy values E > E,, where 
E, is the limitmg value, below which the cascade foiming processes cease 
to be important and become submerged by the ionization 


6. The Distribution Functions N(,0) and N(r) 

Following Eulei and Wergclaiid we designate b> A'(6)0dO and N{r))ilr 
the relative numbeis ol clectioiih with an angular deflection between 0 and 

0 -f- d0 and those w ith a s]iatial di‘>placement fiom the shower axis between 
r and r + dt respectively The densities A'^(0) and N{i) aie approximately 
lepresented by Eulei and AVei geland bv means of the interpolation formulae 

iV(0) = (9a) 

and 

V(,) = S2SS!;2 ' (9b) 
1 

winch we must now eompaie with our moic accuiate lesiilts I'l.e half 
value angle 0* and distance r* m (9) define the radius of the ciicle which 
encloses half ot the shower electrons For the followmg discussion it is 
expedient to use the angle and distance units introduced by Euler and 
Wergeland, 

Ol ^ 

where Xa signifies the radiation umt For illustiation the numerical 
values of E, and Xo for various substances, as well as the resulting values of 

01 and Tj (in degrees and cm respectively), are collected m the following 
table 2 


Table 2 



Air 

n,o 

A1 

Fe 

(Pb) 

Units 

E, = 

11 3 

11 3 

0 3 

3 1 

(1 0) 

10* eV 

Xo = 

33000 

•13 

9 6 

1 8 

(0 51) 

cm 

ei = 

10 3“ 

10 3” 

18 6“ 

37 7° 

(116°) 

angular degrees 

r, 

5950 

7 8 

3 1 

1 2 

(1 0) 

cm 


As shown by the numbers in parentheses in the last column the assumption 
of small angles is no longer justified in the case of lead 
The portions contributed to the densities N{Q) and N{r) by electrons 
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with energy E > E/ are obtained from (6) and (8) respectivel 5 ’^ by inte- 
grating over E between the limits E, and <» . The portions from electrons 
with energies E < E, require a special treatment which we have based 
upon the Arley approximation (Arley (A 5)). The details of this some- 
what complicated calculation are passed over. Finally, the contributions 
of smgle scattering to N(6) and N(r) are taken into account These result 
from the fact that occasionally a large angular deflection can take place in a 
smgle scattering act (cf Williams (W 9)). 



Fig. la Angular diatnbution of shower electrons 









r 

'1 

l‘'ig lb Spacial distribution of shower election'! 


tennines the a.symptotic behavior of the whole function at large arguments, 
has the form 



( 12 ) 


As one sees, the new calculation gives a larger sidewise dispersion of the 
shower, as well as a stronger compression of the shower core. 

It is, likewise, to be expected that a better theory of the energy loss of 
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electrons by ionization than is possible accoixlinK to the above method inll 
increase the shower breadth still fiuther foi the following reasons: The 
shower particles most strongly deflected to the side are those with relatively 
low enei^', and the ratio of the number of pai tides ot low enei'g.v to those 
of high eneig.v can be evaliiateil, as has hivii pointed out by various authors 
(Belenky (R 7) and Schdiboig (S 101), by the usual appi-oMinations with 
which the stopping of elections by ionization is calculated Tlierefoic, on 
the one hand, the usual lu'glecting ot the eneigy losses due to ionization foi 
electron eneigies E > E, loads to too huge a nnniber of particles ni this 
legion of high eneigj" on the othoi haiul. (Relcnkv (B 7)). the Alley 
approximation gives too small anumbei of elections m the low ciieigy lange 
m consequence ot the neglect ot those elections which are excited by light 
quanta with an initial eneigy E < E, 

7. Comparison with Experiment' 

In the atmospheie \eiy eneigetic penetiating particles set otl extensile 
cascade showeis, the so called “an showeis,” whieh among othei ways can 
be detected bv conicideiice mcasuicracnts ol t w o oi moi c spatially separatcil 
counter tubes This type of coincidence was first observed m the year 
1938 by Scluneisei and Bothe (S 9), with counteitubc separations up 
to a few tens ol meters, and then bv Augci (A 10), Kolhorster (K 4) and 
othei-s with counter distances iqi to several hiindicd meters Jauossy and 
Lovell (J 4), a,s well as Aiigei, Alaze, Ehienlcst and Freon (A 11), were 
able to establish through Wilson chamber photogiaphs that these coinci- 
dences were set oft by air showeis Although these Wilson photogiaphs 
showed only election tracks and no penetiating jiai tides, it has been 
suggested fioni several quarters that the an showeis might contain mesons 
as well as the cascade lonning elections and light quanta Auger bdiex ed 
he had obtained a point of confirmation foi this assumption m that he, as 
w ell as Kolhoistei , found that about 25% of the coincidences still remained 
iindei 15 cm of lead shielding On the contraiy, Janossy ventured the 
view that the gi eat penetiating pow cr ot the coincidences could be explained 
on the as, sumption ol |juie cascade showeis by the lugh energies of the 
particles This view was supported by Eulci and Wergeland through the 
hiithei argument that the ob.sei ved coincidences m the absorption measure- 
ments w'eic foi the most pai t set oft bv the dense show I'l cores, and that the 
probability of i espouse of the countei tube to a bundle of many simul- 
taneous rays was reduced in much (smaller degree by the shielding than was 
the ladiation density. To complete the argument it must be pointed out 
that the radiation density of a .show ei which just reaches its maximum after 

*The followniK ilisL'ii'sSion rltiscU follows Ki 1 1 u .irifl \\ i koklam* 





penetrating the atmosphere is not really reduced to zero but only to about 
0.5% by an additional 15 cm. of lead (which is equivalent to somewhat 
more than the thickness of the atmosphere) as is shown by a rough calcula- 
tion based upon the approximation formulae given in the previous chapter 
by Heisenberg. (Eq. (69) and (74)). 

Although Auger’s grounds for the assumption of a mixture of mesons m 
the air showeis do not seem compelling, Euler and Wergeland seem to 
have come to such an assumption in an effort to bring into agreement with 
experiment the frequencies of comcidencc of pairs of counter tubes as a 
function of countertube separation, as computed by them on the basis of 
the cascade theory. In order to clarify this question a new calculation was 
carried through, the results of which are compared in Fig. 2 with the corre- 
sponding results of Euler and Wergeland on the one hand, and the results 
of measurements of Auger (A 9) on the other As one sees, the new calcula- 
tion pves good agreement with the experiments for countertube distances 
between 20 and 150 meters The discrepancies outside of this range are to 
be attributed to the fact that postulates upon which the calculations arc 
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based are not valid there. In particular, the coincidences at small counter 
tube separations are excited predominantly by showers which have alreadj' 
passed their maxiuium, and for which the spatial electron distribution 
calculated foi the maximum is no longer valid The spatial distribution of 
particles in a shower can, thciefoie, be intcrpieteii without the assumption 
of a hard radiation accompanj'ing the shower. This also follows from 
expeiiments by Hilberry and by Auger*, who weic able to show that the 
radiation in the outer ranges of the laige air showers is much softer than in 
the shower core A pnmaty spectium of the form 

/lO'"eV\' * 

= 0 04 {^^) U3) 

IS taken as the basis foi the calculations, (piecisely as with JOuler luid 
Wergeland). The numeiical factor 0 04 in this oxpiession was determined 
by comparison with experiment Il(fio) m (13) signifies the number of 
primary electrons of cnergj* greater than Eo which strike one cm " per 
second from directions unifoimly distiibutcd over the unit hemisphere. 
(Here we formally take the position that the air showeis aie excited by 
primary elections) Starting out with (13), and with the use of the approxi- 
mation formula given by Heisenbei'g m the foregoing chapter for the siae 
of the shower as a function of the piimaij’ eneigj" and path length, the 
frequency distribution of shower size ls dctci mined I'lic approximate 
correctness of the exponent 1 8 in Eq (13) is established up to encigies 
Ea ~ 10**eV bj" the good agi cement between ciilciilalion ami expciimeoit 
in the range of the data and by the approximate agreement of the numeiical 
factor 0 04 with the deteimmation fiom the total ionization Mention 
may also be made of the cxpeiiment.s bj' Gcigei and Stubbe (G 3) with 5- 
and 6-fold coincidences, in which an unexpectedly high comcidcnee late 
was found at small counter tube separations, a fact which seems compatible 
ivith the strong compression of the shower coic according to our now cal- 
culation 

In addition to the comcideiice measurements with countei tubes and the 
expeiiments with the Wilson chamber, the ionization chamber also alTortls 
an impoitant auxiharj- means for studying the air showers. Here one hnds 
the so-callcd Hoffman bursts, (i e , the sudden appearance of a very large 
amount ol loiuzat ion in the chamber) which are produced almost exclusively 
by air showeis The mea.suremont of the frequency distribution of burst 
size constitutes an especially direct method for determining the energy 
spectrum of the shower-producing primary particles. Since, as already 
mentioned, the size of an air shower is approximately propoitional to the 

‘Mentioned in the riled note l)\ H \ Bniii (Hl.'O. 
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eiiei®r of the primaiy particle which pioduc&s it, the energy spectrum itself 
is reflected in the frequency distnbution of the shower size Furthermore a 
certain size of Hoffman burst is excited, on the average, by air showers of a 
certain size The energy spectnim of the pnmaiy pai tides can, therefore, 
be lead diiectly from the tiequency distiibution ot the buist sizes This 
'.pectrum can be determined up to eneigy values of 3 10*°eV and it comes 

out to be of the foim EZ^ with 7 = 1 85 ± 0 2 (accoiding to Euler and 
Wergeland). 

H. Euler (E 5) has mvestigated tho‘>c 1 elationslups more piecisely on 
the basis of the cascade theoiy of air shoners and has compared his results 
with the burst distnbution curves accordmg to the measurements of 
Carmichael. From ceitam details in the shape of these curves, he was able 
to conclude that the small Hoffman buiists aic caused predominantly, not 
by air showers, but by nuclear disintegiations, which are induced in the 
walls of the chamber by the hard radiation (cf t'haptci 13, Bagge). 



MESONS 

4. THE CREATION OF MESONS 

Bv K WiHTZ. Borlin-Dahli'in 

1. Experimental Arguments for the Existence of Mesons 

In the modem diseiist>ion ol the i)enetiating component oi the cosmic rex's 
one starts out with the assumption that it conswts in gicatest part of 
mesons The experimental aigumcnts which have lead to this assumption 
are the following (Eulei and Heisenberg (E 7)) 

a) Vaiious statistical studies have been made ot measurements of the 

momenta of rays producing Wilson chamber tiacks (Kunze (K 7), Blackett 
(B 22), Herzog and Schcnei (H 10) and Andcison (A 3)) with some of these 
momenta extending to 2 10"’e\ One finds hcie a spectmm of ionizing 

particles, which falls off conlmiiouslv towauls the high momenta The 
tracks of most of the cosmic lai's show an ionization which differs but little 
from that of an election Even in the case ol pai tides nith momenta 
pc < 0 0 lO'eV, the tiackn aie so thin that then mass is ccitamly less than 
that of the pioton A small fiaction, ol the oidci of 0 1% (/knderson (A 3), 
Neddermevei and Anderson (X 2)), shows thick tiacks; these aie protons. 
In making these aiguments it is assumed that the charge of all particles is 
equal to the elemental y clectionic charge 

b) At loxv momenta, <0.2 10‘'eV the obseived loss of momentum in 

lead is as gieat as for radiative elections It decreases, however, with 
increasing moment iiiii, and at 0 o • lOVT it amounts to only a tenth of the 
initial \alue I’lnm tliis it folloxvs that most of the particles above 0 2 • 
10“eV aic hcaxici tlian elections 

From the cxiiciiinental fact that the particles between 02 • lO" < pc < 
0.5 10"c^' ionize less than piotons and radiate less than electrons, Ander- 

son and Ncddeimejei (N 2) have coiidudcd that particles of intermediate 
ma.sH aic picsciit with the cliaigo of an election This interpretation is 
now universally accepted in prefeience to the one put forth first that the 
radiation theoiy In oaks down at encigie.s > 10"c^^ 

From measurements of cuiwatuio and the density of ionization along the 
track, the mass of the intermediate particle can be determined Estimates 
to date place it in the range 160 to 240 electron masses (of. Chapt. 8, 
Heisenberg). Thus far, there is no certain critenon that protons are not 
also present in largo numbers in the very energetic tracks > 0.5 • 10*eV. 
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Moreover, it is not certain that there are not particles of various inteimedi- 
ate masses 

2. Yukawa Theory of the Meson and the Decrease of Meson 
Intensity at Great Heights 

As IS well know n, these penctiatmg paitu-lcs of medium weight have been 
associated with the particles postulated by Yukawa (Y 2 to Y 5) to explain 
the nuclear foices (cf Chapter 10, v Weizsaeker), and attempts have been 
made to discuss them on the basis ol this theory An impoitant conse- 
(luence of th(> tlvemv is that the mesons have a finite jieuod of life, the 
experiiiieiilal value' of nhicli is about 1 2 to 2 5 10“” second (ct Chapter 8, 

Heisenbeig), llie iiK'son then spontaneously decays mto an election and a 
neutnno This spontaneous dccav' has also recently been observed in the 
Wilson chamber by Williams and Evans (W 11) and by Williams and 
Robeits (W 12) Fiom this finite lifetime it follows that the mesons 
cannot come from external space but must be excited in the atmosphere by 
pnmaiy laj's This conclusion should be capable of direct experimental 
proof, for it it IS light the meson mtensity which is known to increase at first 
with height like the shower pai tides, should eventually dimmish again at 
the top of the atmosphei c 

This question has been attacked m several lecent investigations Fig 1 
is taken from a papoi by Ehmeit (E 2) It shows the haid (H) and the 
haid plus the soft components of the cosmic lays (Pfotzer (P 2 and P 3)) as 
functions of the amount of mattei travel sed, the fonner measured m a 
3-fold coincidence aiiangement which is sketched in the figure This 
device was sent up in a balloon and was self-registermg The greatest 
height corresponded to Ifi mm Hg One sees that the mtensity of melons 
between 100 and 16 mm Hg is ncailj' constant and is some 12 times as 
great as at sea level The length of the dashes gives the piessuro range 
flown through in 4 minutes, while the number of coincidences which are 
iccorded in 4 minutes are plotted as oidinates. Because of statistical 
fluctuations Ehmeit attached no significance to the fact that the upper 
end the cuive seems to show a chop of intensity, but one could be tempted 
to mteipret the figure as showmg a maximum of meson intensity at about 
50 mm Hg Euler and Heisenbeig (E 7) predicted such a maxunum at 
about 80 mm Hg , liut undei an assumption, which has recently been 
thiown into doubt (ef sect 3), that the mesons origmate fiom the light 
quanta of the soft component, which, according to the Yukawa theory, 
can excite one or several mesons by impact with a heavy particle (neutron, 
proton) (Wentzel (W 4) and Heitler (H 6)) 

Corresponding experiments were made by Schein, Jesse, and Wollan. 
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They used the arrangement of counter tubes sketched in F^. 2 in balloon 
flights up to 20 mm Hg The curve A (Fig. 2) shows the results of measure- 
ments with various lead absorbers (dashed), which varied between 4 and 
18 cm in thickness In all cases, m contradiction to an earlier measure- 



Fig. 1 The number “H" of particles penetrating 1) cm of lead as a function of atmoe- 
phenc pressure as measured by Ehmsrt (E 2) with the countertube arra^ment 
sketched in the lower left. The circles and "S J & W” give the measurements of Schein, 
Jesse, and Wallan (S 5) with 8 cms of lead “W & ll” shows the vanation of the total 
vertical radiation according to Pfotzbr (P 2, 3) “W” is the difference of the curves 
"W & H” and “H" which at the same time agrees with the vanation of the shower 
frequency according to Rehneb and Ermert (R 2). 


ment by the same authors, the meson intensity increased up to the greatest 
height reached, and no indication of a flattening off or of a maximum ap- 
peared. These authors further established the fact that there were no 
electrons of such intensity that they could have penetrated the lead and 
simulated the hard rays by shower formation .Vt least, it is evident from 
the close agreement of the points obtained with diffeient thicknesses of 
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lead that electrons did not influence these measurements We will come 
back to this point in the next section 
One may say that the experiments have, thus far, not confirmed the 
expectation that the meson intensity falls off agam at the top of the atmos- 
phere Although this is not an argument against such an assumption, it 



Figuie2 jMeuauieiueiitb uf vjuiibi.N, JbSba and WoLLAK (>S o) Curve A Intensity of the 
haid component foi vaiious thicknessea of lead as a function of pi-essure in cm Hg 
Cm VO B Total iiili'iisitv of cosmic lavs Accoiding to Pfotzbr (P 2, 3) 

does mean that the nie.sons appaiently are not geneiated from the soft 
component alone, ii* Euler and Heisenbeig assumed, but are excited at the 
veiy top of the atmo,spheie hv primart' particles, which aie veiv raindly 
absoiberl in the alinespheie 


3. Protons as Primaries 

a) Work of Schein, Jesse and WoUan. In the woik cited above 
tSchein, Jesse, and Wollan (S 5) have obtained results which are of great 
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significance in our understanding of the creation of mesons. Previously, as 
mentioned above, one started out m the discussion of meson creation with 
the as.sumption (Euler, Heisenberg) that they aic evcited high in the atmos- 
phcie by the hglit quanta of the very intense soft component, and thus , 
piedommantlv in the legion of the maximum of lli(> Pfotzoi cuive Foi 
this theie weie vaiious arguments 

The excitation of me.sons liv light quuiitn is a possible piocess according 
to the Yukawa thcoiy For these mesons one assumed a spectnim similai ^ 
to that of the exciting light iiuanta of tlu* soft component The latter was 
beheved to be known accuiately since the obsenved total intensitj’ of the 
cosmic rays could be undei stood on the .showia Iheoiy il one pustulated a 
corresponding spectrum of elections as the piimai\ i.idiation incident fiom 
external space The so-conceivcd mcson spectium was suppoited by the 
lacts that it wa* in lelativclj' good agi cement with Blackett’s measuie- 
ment.s of the meson spectium and that the same spectnim also occuried in 
the distribution of large buists undei thick ab-oibi'is This interpretation 
as given by Eulei and IIcLscnberg 

Schein, Jesse, and Wollaii (S 4) ha\c found an indication that mesons aie 
also created by the light ciuuiita ol the cascade ladiation. With a coinci-? 
dence aiiangemcnt consisting of loui counleis, m ii Inch the uppei tube i\ as^^ 
not shielded, and the lowei ones iieie scpaiated bi a total of 10 ems of' 
lead, it was shoiin that theie aie lavs iihich pass thiough the uppci tube 
without ionization and then appaicntlv thev excite haul particles m the 
lead The fieciiiencv of these lavs laiies iiith the height alioiit like the 
mtensitj- of the soft component (cf Sect 5 ot this Ohaptei) 

From the postulate that the mesons aie all cuxitetl bv the cascadi* ladia* 
tion, it would follow that, at the height uheie tlie (nieigetic mesons consti- 
tuting the penetiating ladialion tafew lO". ^ t at s(>'i level should be excited, 
there must also be elections and position^ ol compaiable intensity and 
energy, as well as the light (luanta and nu'sons V pi oof of this point 
was undertaken by Schein, Jesse, and Wollaii (S o) in tlie pievioii.slj’^ men- 
tioned work Elections of tlie-e eiicigic" in pas„mg through lead would 
be expected to lelease showcus m the lust countci tube with high piobabil- 
ity They tiied to demonstiate the existence ol these showous In the 
airangement sketched m Fig 2 the countei tulios 1, 2, 3, 4 and 2, 3, 4, 5 
registered the veitical intensity for I and (> ems of lead lespectively; the 
counter tubes 1, 2, G, 4 and 2, 6, 4, 5 legist eied pai tides which were accom- 
panied by showcis In no case was moic than a small percentage of the 
measured penetiatmg particles accompanied by showers in the side tubes. 
This result is in contradiction to the hypothesis that the energetic mesons 
are created by the soft component The authors make the following re- 
marks on their observations 
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“From the unifonn hardness of the particles measured, as indicated by 
curve A (Fig 2), and from the fact that they excite no showers, we conclude 
that there are no electrons of energy between 10* and 10** eV in the highest 
altitudes reached Since the energy which an electron needs to penetrate 
the earth’s magnetic field at the 51° geomagnetic latitude of the experi- 
ments IS about 3 10®eV, and smce our measurements were earned out within 
the first radiation unit (i e the distance in which an electron or light quan- 
tum makes one multiplication according to the cascade theory) from the 
top of the atmosphere, it seems diflScult to postulate the existence of elec- 
trons of energy E < 10**eV, in the primary cosmic rays They must, there- 
fore, consist of some other kind of penetrating charged particle The 
mesons themselves, because of their spontaneous decay, cannot be the 
piimary rays. It is theiefore probable that the incident cosmic rays consist 
of protons.” In regard to this result of the experiments of Schein, Jesse, 
and Wollan, one must remark that m spite of all of the evidence submitted 
favoring the creation of me.sons from the cascade rays there is no agieement 
as to their primaiie.s. 

We have already seen that the relatively small latitude effect of the hard 
component at sea level becomes compatible with the hypothesis of then 
cieation by the cascades if it is admitted that more than 85% are created 
by pnmanes of such eneigy that they are not influenced by the earth’s 
field On the other hand, on exactly the same grounds, the possibility has 
been left open that at least a part of the mesons are created from othei 
unidentified primary components In the case of the field sensitive lays 
there is definite evidence foi other than electron primaries as we will see 
in what follow.s. 

b) Work of Johnson. A.'^ eaily as the year 1934 Johnson (J 7) working 
at an altitude of 45 cm Hg established that showeis of the soft component 
possess an asyinmeti y of less than 1% At the same time it was known that 
the soft 1 ays .show a latil ude effect which pi ove^ that then piimaries in any 
case aie charged. From this it must be concluded on the basis of the cas- 
cade theoi V and the mainlcnanee of diiectioii deduciblc from it (cf Chapt 
3, Molieie) that these pnmanes are made up of positive and negative 
particles in approximately equal numbeis The total intensity of the cosmic 
lays at sea level, for which the haid component is mainly lesponsible, has an 
east-west asymmetry of some 15% and shows that the field sensitive pri- 
maries must consist almost exclusivelj oi positive particles This con- 
clusion follows from a quantitative compai’ison (Johnson (J 9)) of the east- 
west asymmetry with the latitude effect of the hard radiation and concerns, 
therefore, only the small part of the hard rays which are latitude sensitive 
These primaries, therefore, must not be identical with those of the soft 
radiation Johnson suggested that they probably consist of protons. This 




The Cteutiou of Mesons 


47 


postulate, which seems confirmed by the new investigations of Schem, Jesse, 
and Wollan, had, therefore, been announced much eaiher. There remams, 
nevertheless, the question of how the contemporary opmion that all 
pnmaries, includmg those of the soft component, are protons, is to be 
leconciled with Jolmson’s view that the pi unary ladiation of this compo- 
nent consists of positive and negative paiticles Johnson's theory- is based 
upon the failuie of the cascades to show an east-west effect. Befoie we go 
into this question we will describe, in detail, a new work by Johnson and 
Bany (J 13), which confinns and extends his eailicr woik. 

Here Johnson investigated the east-west effect of the total ladiatiou 20° 
north of the equator and at a gieat height Thiec counter tubes in comci- 
dcncc collimated a beam angle of 20°. Moieovei, this beam diiection was 
iiiclmed 60° with respect to the zenith The countei aiiangement was 
sent with balloons to a height of some 30 mm Ilg The investigations 
were made close to the magnetic equatoi because there the east-west 
asymmetry should be capcciallj'' great. The coincidences, as well as the 
orientation of the balloon with respect to the sun, registeied by means of 
a photocell, were tiansmitted to a ground station by radio. The results 
of four flights aie pven in the table. 




East 



West 



Altitude 

Nuniboi 

'Pune 

Mill 

Cornel- 

Numix'i 

'Pimo 

Min 

Comci- 


iruu Hg 

coinci- 

dences 

dencps |K‘i 
Min 

ronui- 

deuces 

donees per 
Mill. 

a 

29 4 

noo 

28 3 

38 9 

152.3 

35 4 

43 

0 1 

33 

277 

10 fi 

26.3 

113 

14 9 

27 6 

0 048 

44 

401 

IS 5 

2.) 1 

080 

24 6 

27 1) 

0 095 

24 2 

654 

19 3 

2.8 7 

740 

23 8 

31 1 

0 08 


.Vverage 0 072 


a = = 0 072 

> + 3 ' 

Therefore, about 7% moie rays come from the west than from the east. 
This result, wdiich applies to the total radiation composed of both the hard 
and the soft components, was analysed bv Johnson in the foUowuig manner: 

The latitude effect of the soft and of the total ladiation is known from 
the balloon measurements of Bowen, Alillikan, and Neher (B 34). From 
their curves of total ionization as a function of the atmospheric depth and 
with the help of a transformation given by Gross (G 11), (also Johnson 
(J 9)) Johnson derives the intensity of the radiation at the height reached 
by him and at a 60° zenith angle, on the assumption that the mtensity at 
zenith angle 0 depends upon hjeoh 0, where h is the equivalent thickness 
of the atmospheie above the counter tubes, expiessed in mm of Hg 'Ihe 
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lower energj’’ limit of the incident rays at 20° north latitude (15 • 10®el') 
can he determined from the Lemaitie-Vailaita theory (Chapt. 15, Meixnei ) 
From this lower limit one can fuither compute, accordmg to Lemaitre- 
Vallarta, the variation of the total mtenslt^' which would take place in 
turning the coincidence telescope 360° in azimuth at zenith angle 60°, if 
one assumes, for example, that all pnmanes ai c positive In this case the 
asymmetiy between cast and v est would amount to some 60% or about 
10 times that obseived 

Since this discussion is based on the latitude effect, Johnson concludes 
that m reality only a small excess of positives over negatives is piesent. On 
the othei hand, since piesent dav aigiiments seem to deny the validity of 
this inteipietation, one could intcipiel Johnson’s lesults as mdicating that 
the coupling between the diiections of pnmanes and those of the secon- 
daiies which constitute the cascades is not as close as had previously been 
assumed and foi this reason the east-west cftcct is lacking One can undei- 
stand such a state of affaiis on the supposition that the Pfotzer maximum 
consists of pai tides of low’ cneigv, as is confiimcd by the measurements of 
Schein, Jesse, and Wollan, anti that, m consequence, the change of direction 
of electrons in scatteniig i'' so gieat that the primarj’ diiection is no longer 
preseivcd, alleniativclv, it mav well be that, in the still unknown process 
of the cieation ol cascades fiom the pnmanes, the piimary diicctions 
become contused 

Johnson concluded trom the 7% asymmetiy that the pait ot the intensity 
which is excited by excess positive radiation makes up some 12% of the 
total field sensitive ladiation, and fiom this he estimated on the basis of his 
observed east-west asymmetries at sea level that it was to be ascribed in 
part, if not altogether, to the haid ladiation Johnson also assumed that 
the primaries of this part of the ladiation w'ero positive and most piobably 
protons. The views of Johnson weie suppoi ted by investigations by Jones 
(J 14) and Hughes (H 13). They obseived meson tracks m the Wilson 
chamber placed in a magnetic field Jones found 29% more positive 
mesons in the range from 0.2 to 10 • lO'eV Hughes, m the same institution, 
observed about a 20% excess of positives m the same energy range A 
frequency maximum of mesons wa.s also obseiwcd at fiom 1 to 2 10“cV 

(Compare in this connection the medium altitude investigations defscribed 
in Sect. 5) 

Johnson’s results did not quite suffice to lend ceitainty to the pioton 
hypothesis. A related expeiiment which should provide the missing sup- 
port would be to measure the east-west effect of the hard component alone 
at great heights, where such an effect must be very pronounced.' 

Tn vxslator's Note The Germuu edition through Bume misuiidci standing of the 
.author eiirries the footnote “This expenment was earned out in very recent times by 
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Moreover, the picture which resulted from Johnson's work was not free 
from contradictions in regard to the formation of cascades from primary 
electrons Thus, Noidheim (,cf Johnson and Bany (J 13)) remarked that 
one must conclude from Johnson’s measurements that the cascades as well 
must be produced m part by an excess of positn e piimarics Johnson had 
assumed that the asymmetry of 7^ obseived at about 30 — 10 mm could 
anse fiom the hard component alone, which then would ha\e to be excited 
entirely by positive piimaiics, for example, by piotons On the other 
hand, Nordheim argued that, at this height and at this angle of mchnation 
of the coincidence telescope, the soft component, aceoi ding to the cascade 
theory, should have multiplied to about 30 times the numbei of piimaiy 
particles, while the haid component, on the emit i ary, should not have 
multiplied at all Since the total numbei ol haul lays at this altitude is 
about 10% of the total ladiation, the total mimlier ol pnmaiics of the hard 
rays would have to be thicc times as gieat as that of the sott primaries. 
In reality, according to present views, the total eneigv, and hence the total 
number of rays of the haid component, is not moie than 10 % of the total 
radiation. From this Nordheim concluded that either the asymmetry is 
false, or the hard component expeiiences a strong multiplication, or, what 
18 most probable, the gieatei pait of the asymmctiv icsults fiom the soft 
ladiations 

If one would conclude on the basis of the lesiilts of Schem, Jesse, and 
Wollan, as well as those of Johnson, that piotons aic the only piimaiies of 
the total cosmic ladiation, then it would be inteiesting to look foi protons 
m the cosmic rays at great heights; it is known that thev aie rare at sea 
level and in medium heights 

Fmally, it may be lemaiked that Swann has mdependently concluded 
from his obseivations that the primaiies of the cosmic lays can not be 
electrons but are piobably piotons In .scicial stiatosplieie flights Sw'ann 
has obseived that the latio of veitical to hoiizontal total intensity deviates 
appreciably fiom that to be expected for piunaiv elections Thus, at a 
height of 15 cm Hg , the horizontal mtensity is 20%, and at 4 cm. it is 
80% of the veitical, whereas foi the latter value, foi example, one would 
expect 17% if the effective height ol the tiavcised atmosphoiic layei at a 
telescope inclination 0 is to be taken as /i/cos 0 Swann conclude^ fiom 
this that the primaries excite the secondaries m such a manner that they 
lose their original directions Therefore the piimaries can not be elections 
on the basis of the cascade theory. 

ScHEiN and associates (transmitted bj letter) In fact there was found a pronounced 
east-west effect of the hard rays which showed that the total hard component arises from 
positive primaries " However Schein states that he neither performed this experiment 
nor wrote sueh a tetter. In (S 5) Schein, Jesse and Wolean propose this expenment. 
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If one assumes protons as the primaries, then Swann’s findings have an 
analogy in the previously cited absence of the east-west effect of the soft 
component at great heights and should have the same explanation. 


4. Excitation of High Energy Mesons in Multiple Processes 

One of the fust analyses of expeiimental results which led to the view 
that several eneigetic mesons are excited by a single primary particle was 
earned out by Nordheim and Hcbb (N 9) and by Nordheim (N 8) The 
main part of their work consisted of a quantitative consideration of meson 
jiroduction fiom the soft component undci the hypothesis that the lattei 
was created from a pi unary election component m accordance with the 
cascade theory In this they weie led to assume the creation of perhaps 
3 or 4 mesons in one act In addition, Nordheim discussed the possibility 
that, in addition to the piimaiy electron .spectrum which excites the cas- 
cades, theie IS also a primai j’ pioton component which excites the mesons 
Foi this case also he had to assume a high multiplicity of meson formation 

In the piecedmg section it is assumed that both components are excited 
I ly a single primaiy proton radiation. If this concept is correct, the hypothe- 
sis of the Nordheim-Hebb work must undergo alteration On the other 
hand the essential features of their deductions lemain undisturbed, some 
80% of the mesons at sea level have an energy of about 2 10® eV or less 

(Hughes (H 13)) Since about 2 10®cV is lequired to ti averse the atmos- 
phere, these lays must have at creation about 4 • 10“eV If they were 
produced by pnmaiies of this energy, theie would be a latitude effect of 
100%. If they weie to be created by light quanta of approximately the 
same eneigy, which, in turn, aie secondanes of a primary radiation, then 
the piimancs would have to have a higher energy, but there would still 
result a latitude effect of 40% to 50% Since the latitude effect amounts 
to only 12% most of the pnmaries miLst therefore possess energies of more 
than 10 ‘"pV, and from the known intensity of pnmaiies in this energy range 
it can be concluded that moie than one meson must be created from a .single 
primarj' 

Here there aie two po.ssibihtics, eithei the mesons are cieated in a single 
act, or they aie created one after the other. We will see later that the 
formci IS the more probable 

If, in the sense of the foiegoing concept of meson production, light quanta 
arc regarded as primaries, then the effective cross section for meson pro- 
duction in multiple processes can be evaluated accordmg to Nordheim and 
Hebb (N 9). We will elucidate this theory in the interest of completeness. 
If one assumes about 1.5 • lO'^eY, as the energy of the exciting light 
quantum, then the multiplicity is 3 to 4. According to Compton and 
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Turner (C 7), the frequency of incidence of hard rays in the range of 
enei-gies of 15 • 10®eV is about 1 5 10”‘ rays per unit solid angle per sq. 

cm. per sec. in an energy interval of 1 • 10®eV From the shower theorj' 
(Chapt. 2, Heisenberg) one can deduce how many “photon lengths” Q{Eo, h) 
( = path of a light quanta before a paii is e.xcited) there are with an energy 
> fco, originating m elections with cncigj’^ < Eg, and thus calculate the 
number of photon Icngtlis foi each encrgj' inteival of 1 • 10”eV: 


dQ_ 

dE„ 


0.024 


(1 

\fco 



Fiom this wc can evaluate the latio of mesons, cicated with a multi- 
plicity I, to piimaiy light quanta 


1I'<M 


1_5 

0 024 r 



1/50 for r = 3 
1 /80 for r = 4 


(er = kg- e — eneigy of cieated meson) This latio is not entirely constant 
between Eg = S and Eg = 15 10®(*V. It follows that the effective cross 
section 18 1/50 to 1/80 of the known cioss section for the excitation of pans 
fiom light quanta (Chapt. 2, Fhigge), i.e., between 0 5 and 1 10"“' cm ■“ per 
nuclear particle. Schein, Jesse, and Wollan (S 4) (cf. Section 2) have 
determined the same cross-section as having the value 0.7 • lO”'*’' cm but 
M ithout considering the multiplicity 
An e.ssentially higher effective cioss .section for meson excitation is ob- 
tained foi energies Eg > 18 lO’eV on the basis of Wilson’s observations 
(W 13) regarding the dependence of meson intensity on the amount of 
water traversed The number of mesons ob.sci ved by him with an energy 
between E and E + dE is' 


M(E)dE = 0 14 foi E > (5 lO'eV ' 

E 

This can again be compared with the frequency, deduced from the cascade 
theory, of photon lengths of eneig 3 ' between k and k -f- dk 

X, = 2 65 forA.>18 lO’eV. 

For every 19 photon lengths one Ends one meson of the same energy. 
Assuming that the multiplicity is about 3 and that the photon meigy is 

iNordheim naaumes a more rapid decrease of the spectrum for J? ^ 6 * 10*'*eV on 
the basis of the stronger absorption at great water depths This stronger alisorption, 
however, probably has another cause (cf Chapt 6, Voi/rz) 
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appioximately equally distributed over the r mesons, then one obtains for 
the probability of such a process about 1/8 per photon length, i.e , about a 
10 times laiger value for the effective cross section than that for the mesons 
of low energy 

Nordheim saw a difficulty in liis conception of meson excitation in multi- 
jile piocesses m the fact that the frequency of the inverse process should 
be of an equal older of magnitude For this, however, the mesons have fai 
too gieat a pcnctiating power But m this connection it is to be borne in 
mmd that foi the multiple pioecss the probability of the revcise reaction 
would bo veiy small on account of the mesons running away fiom each 
other. The effective cross section for the reveise reaction would then be 
of the 01 del of magnitude of the eieation only ivhen 2 mesons should acci- 
dentally meet simultaneously m a single collision, this is extremely im- 
piobable The fact that the effective cross section for a single piocess like 
that of the absoiption of a meson, is so small (smallei than that for the 
excitation bv a factoi of 10 — 100, Nordheim) can be taken as an aigument 
for the belief that the a cation of a single meson of very high eneigy must 
have a veiy small cioss section and should take place raiely compaied with 
the multiple process This mannei of argument applies not only to the 
creation of mesons fiom light quanta but gives geneial support to the con- 
cept of the cieation of moson.s in multiple piocesses. 

Schein, Jesse, and Wollan (S 6) have tried to present experimental ai gu- 
ments that the mesons are cieated m multiple piocesses from the primaiy 
protons Foi this puipose 4 gioups of 4-fold coincidence counteis weie sent 
to great heights by balloons. The fiist two gioups were used to count the 
vertical lays which could penetiate 18 ems of lead The third gioup 
counted two or more pai tides which appealed simultaneou.slj'^ with the 
penetrating paiticle aftci the first 4 cm of lead (therefore, soft cascade 
pai tides) and the fouith gioup counted events in which one or moic pai- 
ticles penetiated all of the lead simultaneously with the veitical particle 
At heights of 3 cm Hg 46% of all haid lays excited coincidences in the 
fourth group and only 15% in the thiid gioup From this ic.sult it follows 
that at least 85% of the me.sons aie cieated not in cascades. The large 
group of coincidences (46%) in the fouith gioup can best be explained liv 
the assumption that a penetiating particle, piobably a proton, excites a 
numbci of mesons ui lead 

In this expeiiment we also ha\e the pi oof of the cieation of meson show- 
ers at great heights. Such showers with penetrating particles have been 
observed by various authors. Since references to these works are collected 
in Chapt. 5 (Klemm and Heisenberg), they may be skipped here. It is 
noteworthy that independently of the woik of Schein, Jesse, and Wollan 
(S .5) .lanos^v (J 2), on the basis of hi.s obseivations on the haul showeis. 
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has discussed the possibility of the excitation of the total cosmic radiation 
by a primary proton component. 

There have also been preliminaiy theoretical discussions of the creation 
of cosmic lays by piimary pioton.'i Thus Swann (S 28) as well as Nordheim 
have evaluated the multiplicity' of me^on excitation fiom the latitude effect 
and obtained i ~ 5 Swann also ^I'es a lelation toi the frequency of 
mesons of a gi\en eneigv as a function ot the depth below their point of 
cieation If a meson spcctium at the point of cieation is assumed with an 
exponent —3 (of Chapt 1, lleisenbeig), and il, m addition, a life-period 
of 2 10~'' sec is aseiibcd to the mesons (cl Chapt 8, Heinsenberg), then 
Swann ls able to repicsent correctly m loiigh detail the latitude effect and 
its dependence on the height 

5. Excitation of Slow Mesons from the Soft Component 

Schein, Wollan, and Uioctzingei (S 8) ha\(‘ iiucstigated the meson 
radiation at heights up to 9 3 km with the help of coincidence counters in 
airplanes Thcv come to the icsult tliat a pait of the mesons observed by 
them are excited by noutial primaries which aic piobably not photons, and 
in addition they obtain a suiprismg spectiiim oi the mesons at this height. 
Their results are hoic biiefly described In Fig 3 the coincidence arrange- 
ment IS repi ocluced The coincidences set ofl by ionizing pai tides ai'e inde- 
pendent Iv icgistcicd m the counter tubes 1, 2, 3, 4 and 2, 3, 4, 5 as well as 
1, 2, 3, 4, 5 Coincidences fiom sidewise showcis aic luled out to within a 
lew pel cent Thcv find foi example, with an airplane between 5 2 and 7 4 
km height the lollow ing result Of the particles w'hich excite the upper 4 
counter tubes 22 ± 3% do not dischaigc counter tube No. 5; of those which 
excite the lowci 4 countci tubes 9.7 ± 3% do not discharge counter tube 
No 1; thcie are, accoidmgly, 12% more counts above than below. The 
lesult for the lowei gioup, which seems to be independent of the height, 
means, accoiding to the interpretation of the authors, that a neutial 
particle passes through 6 oms of lead and counter No. 1, and then, in the 
8 ems thick lead block, it excites an ionizing haul paiticle, a meson. If 
the neutial particle weie a light quantum of such lugh enoigy that it could 
pass through 6 ems of lead, then, accoiduig to the \ lews of the author, it 
would be expected that in its absoiption it w'ould also cieate an electron 
which would excite the first coiintei It is mferi «1 tliat the mesons are not 
created by photons. 

In this connection there is perhaps also the possibility that a sidewrise 
light quantum strikes the lead block over the second counter tube and 
there excites a meson which discharges the tubes 2 to 4. In the excitation 
of mesons the secondaries often deviate from the pnmaiy direction by a 
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considerable amount, according to the evidence of the Wilson chamber 
The supposition that mesons are also excited m thin lead plates by photons 
has been made probable by Schein and his associates; we will desenbe these 
investigations next In a special senes of measurements they attempted to 
show that m the piimaries there are no effects attributable to neutrons 
For these expeiiments a paiafin block of 35 cm thickness was laid over the 
airangeinent of couiitcz's If ncutions of higher energi"- had been present 
thej" would have effected an appicciablc increase in the coincidence rate 
because of the lecoil piotons Such an incieasc did not occur within the 
4% limit of eiror of the measurements The only remaining possibility is 
that the mesons aio excited by neutial mesons or neutrinos. 

Vciy similar expei iments wore carried out by Rossi and Regener (R 10) 
at. 4 5 km. height They also found a eonsiderable number of mesons 
which wcic excited liv neutial particles after passing thiough lead They 
could effect a dceica-.c in the mesons thus excited by increasing the lead 
thickno.ss, but this as loss than would have boon expected from the absorp- 
tion of mesons 

Neutral mesons wcio aKo discasscd on the basis ol similar obseivations 
by Maas (M 2), uho postulated photons as primal les, and by Alley and 
Heitler (A 6), since the absoiption effect foi the pnmaiies, obscryed by 
Maas, agieed uith that toi the mesons 

Fiom the result.s alicady dosciibed of Schem, Wollan, and Gioetzmger, 
it is possible to diaw conclusions icgaiding the .spectium of the mesons at 
the altitudes attainod Fiom the investigations the intensity of the meson 
ladiatioii Aihich was able to pass through 27 ems ot lead (cf Fig 3) was 
found to vaiy with the height in the manner shown by curve B of Fig. 4 
Likewise the coricsponding intensity ciuvc was taken with only 10 ems 
of lead (Fig 4CuivoA) V single point (X) gives the number of mesons 
at 6 7 km altitude which can ponotialo 19 om.s of lead This point was 
determined fiom the comcidoncos of the uppei counter tubes between 5 2 
and 7 4 km The diffoiciicc botwooii laiivos A and B can be due only to the 
mesons which pass thiough 10 ems oi load but luc slopped in the additional 
17 ems On the basis of the known intensity loss of meson.s in load (Wilson 
(W 15)), it follows that a meson icquiies an onoigy ot 2 9 lO* oi .1.2 10” 

oV in order to penctiate 10 eras oi 27 cin.s of lead, ie.spectively The 
difference between the oidinatos of cuives A and B gives the number of 
mesons which he between these two values Foi 9 3 km altitude this is 
about 1/3 of all observed mesons Foi the penetration of 19 ems. of lead 
4.2 • 10*eV is necessary. Hughes (H 13) obtained data from Wilson cham- 
ber photographs at sea level for mesons > 5 10“eV; Herzog, and Herzog and 
Bostik (H 7, 8, 9) using an airplane found icsults which we mil presently 
describe Making use of all these data Schein, Wollan, and Groetzinger 
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construct the meson spectrum at 6 7 km height which is reproduced in 
Fig. 6 and is there compared with the well known spectrum at sea level 
(Hughes (H 13), Jones (J 14), Blackett (B 22)) represented by the dashed 
line. From the constancy of the meson absorption above 6 km. height 
(Schem, Jesse, Wollan (S 4)) these aiithois conclude that the spectrum 
should undergo no further essential alterations at greater heights 
The large number of mesons with cncigy <52 10*eV was confiinied, 

as already stated, by Wilson chamber photographs by Herzog and Bostik 
(H 7, 8, 9), who have likewise found about 30% slow mesons at the same 
height. From their photographs it appears, without doubt, that these 
mesons are created in part by multiple processes in the neighborhood of the 
chamber , the creation of one pair in the chamber was photogi aplied These 
mesons should, therefore, have been produced is some manner other than 
that of the energetic mesons desciibed in the preceding section They are 
probably formed from the photons of the soft radiation An argument foi 
this view is also given by the investigations of Schem, Jesse, and Wollan 
mentioned at the beginning of section 3, they studied the mtensity of a 
non-iomzmg radiation, at various heights, winch excites mesons m 2 ems of 
lead. Its intensity increases ith the height m the same way as the cascade 
radiation measured by Regener and Ehmert (R 2). From these measure- 
ments Schem and Wilson (S 7) have evaluated the effective cross section 
for the excitation of these mesons Fiom the mcasuiements of Regener and 
Ehmert it follows that at a height of 8 km. about 100 photons must fall 
each second on the 2 cm thick lead scieen of the counter tube arrangement 
In the same tune 2 mesons weie observed Hence the probability foi 
excitation is 2/100 From the number of lead atoms per cc the authors 
calculate from this number that the effective cioss section per nucleai par- 
ticle m lead is 0 7 • lO”’"' cm ^ Nordheim and Hebb (N 9) have shown 
from the frequency of eiieigetic mesons at great heights that the effective 
cross section for excitation of energetic mesons must be at least 10 times 
greater if one assumes that photons of the cascades are the primaries. This 
result also leads to the conclusion that theie is probablj-^ another mechanism 
of excitation at the edge of the atmosphere 


6. Summary 

The expeiimental investigations make it appear that the followmg pic- 
ture for the creation of mesons is the most probable: 

From external space there is incident, according to Johnson, a primary 
proton radiation whose energy spectrum probably agrees with that found 
for the soft component and for the mesons, (cf. Chapt. 1, Heisenberg). 
The protons excite the hard meson component, probably in multiple pro- 
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cesses, at the outei bounds of the atmospheie, i e , in a path length which 
IS shoitci than a ladiation length The soft ladiation ^\hlch forms the 
Pfotzei ma\imum is cieated in the same oi in a sepaiate act fiom tht 
piimaij, 01 it is a secondaij ladiation of the mesons Expeiimentallj 
nothmg IS known of this The mesons loim the haid component of the 
cosmic ladiation wliidi is obseiied it sea le\el and has a fiequcncv ma\i- 
nium at that depth at 2 10V^ Mesons aie also pioduccd in anothei m in 
nei, and piobabh m guit numbois, as socondaiies ot photons of the soft 
component, but with less ineigj (< 5 2 10 'l\) Hcie also mullipli 

processes (explosions) aic observed In the vicinity ot the eaith’s suiface 
these mesons aie \en laie, in agi cement with the fact that tlicie also the 
soft cascade ladiation has been almost completely absoibed At 7 km 
height, on the eontiaiv, these make up about 30Vo of the total meson 
component Besides those fiom the photons, piobably a small fi action 
(< 5^7) ol the mesons aie cieated bj iieutial coipusculai pai tides (pos- 
sibly neutral mesons) Futuie mvestigations must be undei taken to show 
in what manner the mesons and cascade radiation arise from the piimaries 
and how the geomagnetic effect and the intensity lelationships are to be 
explained 



5. SHOWERS WITH PENETRATING PARTICLES 
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The question anses whether showers containing seveial penetrating 
particles are also observed in the cosmic ladiation This is, theoretically, 
of fundamental significance, since fiom the picsencc of such showers one 
might come to some conclusion about the existence of genume multiple 
processes (or explosions) in uhich &e\eial particles are created in a single 
act. This type of explosion-like shower is to be expected, theoietically, 
accordmg to the Yukawa theoiy (cf W. Heisenbeig (H 3), also Chapt 8, 
Heisenbeig). A distinction is to be made between the genuine showeis and 
the pairs of penetrating particles which aie occasionally counted in with 
the showers In what follows the woid “shower” will bo applied only to 
processes with at least 3 pai tides, the discussion of pairs will be dealt with 
briefly 

1. Meson Pairs 

The first mdication of pans of penetiatiiig particles lesulted liom 
investigations by Maas (M 1) and by Sclimeizer and Bothe (B 30a, S 9) 
The latter authois investigated coincidences of countei-s at a gieat distance 
from a shower-exciting layer and undei such a condition found the so-called 
second maximum of the Ros&i cuiwe stiongly marked at 17 ems of lead 
They came to the conclusion fiom this that lays exist with a range of 17 
ems, of Pb The vaiious lepetitions of this expeiiment undertaken with 
slightly varied georaetiy, howevei, have not led to a complete confnmation 
of the existence of the second maximum. 

A more certain pi oof for the appeaiance of paire of penetraling paiticlei 
and, indeed of meson paira, is supplied by the work of Biaddick and Hensbv 
(B 35), Leisegang (L 3) and Herzog and Bostick (B 8, 9) 

Braddick and Hensby (B 35) have taken counter con ti oiled cloud chain- 
ber pictures in London 30 ra undeigiound Thej' obtained 1900 photo- 
graphs with single meson tracks The mesons weie lecognizcd bv then 
uneventful passage through 1.4 ems. and 2 5 ems of lead in succession 
Of these 1900 photographs 5 showed double tiacks of mesons with an ap- 
parently common source in the layer of earth above the chamber With 
1900 single tracks only 0.057 accidental double tracks were to be expected. 

Leisegang (L 3) made counter controlled Wilson-photographs, in which 
11 ems. and 16 ems. of lead in turn were placed above the chamber and 
a 1 cm lead .screen w’as m the chamber. Among 900 single meson tiacks 




he found 3 double tracks, the ori^ of which was in the producing layer. 
The proof of their meson character was realized m that the particles were 
scarcely deflected in 1 cm of lead (and weie theieioie energetic), and they 
produced no secondaiy rays 

Finallj’’, Heizog and Bostick (H 8, 9) have observed the lormation ot a 
meson pair in a cloud chamber photograph taken at high altitude in an 
airplane 
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There can, therefore, no longer be any doubt that occasionally pairs of 
mesons are formed It is plausible to assume that the primary particle is a 
photon, that we have here to deal with processes analogous to the usual 
pair excitation of electrons The frequency of pairs can be evaluated from 
the available material only in order of magnitude The effective cross sec- 
tion for their cication fiom protons seems to lie in the vicinity of 10““^ to 
10'“" cm “ pel nucleai particle Tins oidei of magnitude is also not out of 
the question according to theoictical evaluations (e g Booth and Wilson 
(B 29)) 

2. Penetratmg Showers 

Thepiool of the appeaiance of gonuiiic showeis with penotiatmgpaiticloh 
was first given by Fusscll (F 7) m some cloud chamber photogiaphs, then 
by a sj^stematic counter-tube investigation by Wataghm, Santos, and Pom- 
peja (W 2) and also more thoioughly by Janossy and Ingleby (J 3) 

Fig 1 shows the best example of such a process observed by Fussell 
The shower took place m a 0 7 mm thick lead plate Of its rays at least 
3 passed through 1 2 to 2 cms of lead without appreciable deflection and 
without sccondaiy foimation, and aie, theicfoie, to be regarded as mesons 
The showoi excitation is connected with a nuclear disruption, as is shown 
by the heavy tracks of shoit lange The whole showei took place simul- 
taneously with electrons which did not come from the place of foimation of 
the showci, the piocess, theiefoic, seems to have taken place in the area 
of a large air shower 

Wataglun, Santos and Pompeja (W 2), woiking at 800 m above sea level, 
have placed four counter tubes of 100 cm “ each so that m each pair the 
two counters aie vertically under one another and the pans are separated 
horizontally, 30 cms. m one case and C5 cms in the other. A particle 
coming vertically from above and causing a pan ot counter tubes to respond 
must penetiate 17 cms of lead The authors obf50ived four-fold coinci- 
dences and found, with 30 cm separation, 4 5 coincidences pci day and, ivith 
05 cm separation, 3 6 coincidences pci day, wheieas they report that only 
0 3 coincidences per day were to have been expected accidentally. Here 
they were evidently dealing with pans of penetrating particles, most 
probably mesons With a fifth counter-tube, placed there for the puipose, 
it was further established that in a considerable fraction of the cases more 
tlian tw'o penetrating particles appeared smce the five-fold comcidences 
were not much rarer than the four-fold. 

The most thorough investigation of this type and the one most produc- 
tive of conclusions was one carried out by J^ossy and Ingleby (J 3) 
They chose the arrangement of Fig. 2. 

When a five fold coincidence occurred, 1, 2, 3, A, B the number, n, of 





Figuic 3 Development of penetrating showeih 


simultaneously discharged ff-counteis was recorded. As an exciting layer 
T, both lead and A1 were used, the thickness of this layer varying between 
0andl20g/cm“ The absorbing layer iS consisted of lead The results may 
be seen in the following table and m Fig 3 



62 


A. Klemm and W. Heisenberg: 


n — \ 

0 

1 

2 

3 

4 

5 

(} 

7 

8 

Number of coincidences 
(for arbitrary T) 

.Sit 

on 

18 1 

1.39 

130 

108 

80 

85 

49 


If r = 0 the expel imental uiiaiigemeiit is such that only coincidences aie 
observed which aic excited by an showeis, since only then aie the uppei 3 
counters excited The pai tides of the an shower then appaiently release 
penetiatmg pai tides m the 25 cm thick lead mass between the counters 
1, 2, 3 and H, which seive to excite the othci counteis It now the mateiial 
T IS placed over the entiic aiiangement, nothing is fundamentally altered 
in regard to the foi-mation of the penetiatmg lays Air show'cis which 
previously have failed accidentally to excite the counters 1, 2, 3, aic 
concentrated by the material T and now give threefold eomcidences 1, 2, 3, 
hence the rise of frequency with T The initial bcndmg of the curve in 
Fig 3 and the satuiation thickness at 5 ems of lead coriespond exactly to 
the relations expected fiom the cascade thcoiy The release of penetrating 
pai tides loi tliiii laveis, T, always takes place piincipally in tlie huge lead 
mass undoi 1, 2, 3 Only with thick laveis, T, aie the penetiatmg pai tides 
leleased in T, and the fall of tlic cnive m the figiiie coiiesponds to the ab- 
sorption of the penetiatmg pai tides. 

The cases n = 0 and n == 1 can occur fiom single mesotrons which release 
secondai y electi ons in 7' and ncai the counters A, B. They are considerably 
more frequent than the cases w = 2 On the other hand, it is interesting 
to note that no great frequency difference occuis again between n = 2 and 
any higher value up to n = 8 It would seem then, since for the most part 
several penetrating particles are formed, that the creation of many such 
particles is not much rarer than that of two or three 

If the penetrating particles of these showeis are mesons, — and this is 
certainly most probable — then one can compaie the fiequcncy of the 
showers with the frequency of meson production in the atmosphere In the 
atmosphere the mesons are probably formed m pait by primaiy protons 
and m part by the light quanta of the soft component (cf Chapt. 4, 
Wirtz). The slow mesons, whose formation is observed in gieat numbers at 
heights above 7 km., are cieated principally fiom the photons of the cas- 
cades. In the lead block (between counters 1, 2, 3 and H) of JAnossy and 
Ingleby the same thing is enacted as takes place with correspondingly 
greater frequency at the higher altitudes. Hence, the frequency of the 
meson showers in these investigations can be extrapolated* they should be 
related to the frequency of single mesons in the same way as the cascade 
radiation of sea level is related to that at great heights For a cascade 
spectnim of the form E ~' ' t he intensity at sea level, accoixlmg to the theory, 
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is 10“* to 10”“ of that at greater heights Hence the showers of Janossy and 
Ingleby should be 10“ times rarer than that of the single mesotrons, a ratio 
which is about of the right ordci of magnitude This estimate, theiefore, 
supports the inteiprctation that the mvestigations ot Janossy and Ingleby 
have to do with meson shoiicis (i.c genuine explosive showeis in which 
many particles aio cieated in a single act) The coriectncss of this inter- 
pretation can also be demonstiatcd by the dependence of the frequency 
upon the height Even at the height of the Yungfraujoch the showers 
should be 80 times moie frequent than at sea level 
Recently Powell (P 6) and Wollan (W 16) have published cloud chamber 
photographs m which showcis ol mesons have been observed emanating 
from a single point (Fig 4) These showci-s are exactly the same kind as 
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those observed (See Fig 1) by Fuh''ell (F 7) Whethei the showers ob- 
served by Daudin (U 1) also Iielong to the same class can be clarihed only 
by further experiments Finally, Cocconi, Loveido, and Tongiorgi (C 5a) 
have recently published systematic expoiiments, which show that most of 
the meson showers at 2200 ni are cioatcd in connection w'lth the large air 
showers These results, theiefoic, aie in good agieemcnt with those 
obtained by Janossy and Ingleby 

In summaiy it can be stated liv expeiiraents conducted in the past few 
years one can be sine of the existence of explosive mason showers with 
many particles, these showers seem to plav a decisive roll in the genetics of 
the cosmic rays in the atmosphere aecoiding to the n(*w experiments by 
Schein, Jesse, and Wollan (S 4 to 6) (ef Chapt 4, Wirtz) This expen- 
mental result is satisfying because such showeis aie to be expected accord- 
ing to the Yukawa theory, (Heisenberg (H 3)), the existence of these 
showers also gives a theoretical basis to explain why the effective cross 
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section for collision or creation process of the mesons, calculated according 
to the usual perturbation theory, does not agree with the experiments. 
Only in the kind of calculation which has to do with the purely electro- 
magnetic effect of the meson on its surroundings can one hope to get an 
agreement with the experiments 


6. THE ABSORPTION OF MESONS 


By H. VoLTZ, Berlin-Charlottenbuig, 


As we know fram mcasuicments bj' Andeisoii and Neddermeyer (A 4) as 
well as those by Blackett (B 24), the great penetiating power of the cosmic 
lays is a propeity ol the mesons Avhich thcv contain These particles, 
thus far found only in the cosmic lays, should be unstable according to the 
theoiy of Yukawa, i\ho, thcoietically, postulated pai tides of such mass 
before their discoveiy to explain d-docay and nucleai forces, they should 
decay into an election and a ncutiino inth a mean life of the older of 10”'' 
sec. 

Such a decay of the mesons, like the noimal absoiption by energy lo&s, 
will lead to a i eduction in the number of particles while passing through 
matter, the nioasuiod ab.soiption coefficient will, tlieicfore, contain, be- 
sides the pait due to c ollision Io.s.ses, anothei part attributable to the decay. 
In what follow.s the absoiption ot mesons due to collision losses alone will 
be consideied, and, m conclusion, the question mil be laised as to what 
can be deteimincd fiom the cxpcruncnls about the decay of the mesons. 

The collision losses ol mesons take place cssentiall}' by eneigy tian.sfcis 
to the electrons, or in other noids, bv the ionization of the atoms encoun- 
tei'ed‘. For the eneigy losses sutlciod in tins piocc'-s, Bohr (B 28) has de- 
rived, on classical theoretical giouniK an expicssion which was later 
brought mto quantum mechanical foim bv Bloch ( B 26) Accordmg to his 
theoiy 



Here e and m stand for the charge and mass of the electron, v the velocity 
of the moving particle, n the numbei of elections per cc. in the material 
travei'sed, IZ (with I = 13.5 cV) a mean value of the ionization energy of 
an atom of atomic number Z, and IT the maximum energy which can be 
transferred to an electron in a collision .Vccoiding to Bhabha (B 19) 


W 


- A/V) 


\2M ^ 




( 2 ) 


‘To what extent radiation losses play a pait with energies above lO^teV is still not 
fully understood. 
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in which M stands for the mass of the meson. — ^According to (1) the energy 
loss, besides depending upon the velocity of the particles, depends essen- 
tially upon the number of electrons encountered, or in other words, roughly 
speaking, upon the mass of the layer traversed There is also a logarithmic 
dependence upon the atomic number of the absorbing medium 
Xumeious expeiimental investigations (Rossi (R 6)) now show that the 
absorption of mesons in ah is appieciably stronger than m a water medium, 
which, accordmg to (1), would give the same energy loss. This phenome- 
non has been legaided as an expeiimental proof of the decay of mesons 
This decay must, naturally, have a gieatoi effect over the long path length 
through a gasi'ous absorber than on the short path through a liquid oi 
solid absoibci and, hence, must lead to a higher absorption effect of air 
From the oxpenments it was possible to deter mme the mean life as a few 
times 10“'* seconds, so that the Yukawa theory could be regarded as con- 
firmed in ith banic concepts ^ ^ ^ “1 ^ *7 

Fermi (F 1) has recently pointed out m thp regarcjf that this conclusion 
is not cntii ely inevitable Indeed, the derivation of the collision-loss for- 
mula (1), neglects an effect which makes the normal absorption by energj'^ 
loss, even of a stable paiticlc, depend upon the density of the absorbing 
medium This is just ivhat the experiments show i e , that a liquid or solid 
absorber produces a low'cr loss of energy than a gaseous absoibei This 
effect aii.ses from the fact that m the material traversed the electric field of 
the passing particle induces a polaiization which weakens the ionizing field 
In this way the energy loss of the particle is reduced, and the more so, the 
greater the dielectiic constant, i e , the greater the density of the absorbing 
material 


Before one can draw conclusions from the experiments as to the insta- 
bility of the mesons, the influence of the above effect must be determined 
quantitatii ely The calculation, of which the essential result is to be 
presented biiefly in what follows, was carried through by Fermi and leads 
to the conclusion that one must still, as befoie, adhere to the assumption 
of the sponi aneous decay of mesons Howevci , one ai nves at a higher value 
of the mean hie than previoush'’ 

Foi the calculation Feimi leplaces the matter traversed by a contmuum 
of electrons elastically bound to their le-'t positions and calculates for this 
model the electric and magnetic field of the moving particle With the 
help of the ladiation vectoi one obtams the energy flux which passes out- 
wards through a cylindrical surface circumscribed about the orbit with a 
radius b This represents the energy lost per second to the region outside 
of the cylinder and can be compaied immediately wdth the corresponding 
expression of the Bohr theory, which is derived without regard to the 
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dielectric properties of the medium. It shows, however, in contradiction 
to the latter, a dependence upon the density of the material. 

Without the calculation losmg sense, the radius of the cylinder can be 
reduced to the order of magnitude of an atom ladius. Then, moreovei, 
one can regard the energy lost to the region inside the evlmder as inde- 
pendent of the dielectiic properties of the tylindei and simply add the 
difference found in the above calculation with respect to the Bohr e.\pres- 
sion for the region outside of the cylmdei to (lie fonnula (1) which giv'es 
the old value for energj' loss 

In the calculation two cases are to be distmguislied according as v <cf («) * 
or V > c/(«)*. Here < is the coiiesponding static dielectric constant of the 
assumed model < = 1 -t- 4irne‘/»*<<)o» where’ wo stands for the characteristic 
frequencj’’ of the electrons If the cvapoiation of elections is neglected, 
one obtains for the energy lo.ss to the region outside the cylinder of ladius h 
per cm. of the path traversed by the particle 



- + log ^ I -yI fort! > c/(«)S 

whereas the Bohr theory gives 



In (3) Ka and stand for the Haenkel functions of zeio and first order 
respectively*. For small arguments, hence for small b, one can replace 
them with their asymptotic expressions 

Ko(x) ~ 2*°S3 17 . 3.3 : j : 

3.17 = e’® where C = Eulers Constant 


^Seo for example B, Watson t Theory of Bessel Functions^ 1922, p 7<S They are 
Ku(t) =* n/2 e m/2 
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and thus obtain 

—{—) — 

\ dx/i ~ 

\ dx/t ” ffM)“ 



- log^l - < c/(e)‘, I 

“ .1 forj) > r/(«)' J 


For £ = 1 the first of tliese two expressions goes over into the Bohr expres- 
sion (4). The calculation of the energy loss with the help of the radiation 
vector S is, thus, in its end result equivalent to the Bohr calculation which 
suras the energy tiansfeired to* the individual electrons thiough collisions 
The Fermi calculation thus teaches a new conception of the natuie of this 
energy loss. But, contrary to the expressions (4) and (5), which arc valid 
only for small values of 6, (3) holds quite generally For large values of b, 
the fiist teim in this equation vanishes exponentially, while the other two 
terms remain constant This tenn thus gives an energy flux which goes 
out from an arbitrarily large cylindei, and thus represents an energy 
ladiation This is nothing more than the electromagnetic radiation, al- 
leady obsci ved by Cerenkov (C 2), when fast elections pass thiough mattei 
The encigy contamed in those toims is thus given off in the collision 
process, not as kmetic energy of knock-on electrons, but m the fonn of 
ladiation 

Whereas the dilleience between the result of Fermi and of Bohr loi 
V < c/(e)* IS of small consequence and lies only in the factoi e m the loga- 
iithm, there is a difference m chaiacter for v > c/(e)^ the term —log 
(1 — which tends towaids mfinity as e ^ c and results in the loga- 

rithmic incieasc in the energy loss according to Bohr, is not present m the 
Feimi thooiy, but m its place arc teims which have finite limits as — > c 
This fact can be undei stood intuitively, the logarithmic increase of the 
energy loss in the Bohr theory deiives fiom the Lorenz contraction of the 
field of the moving particle, the contraction having the effect that the high 
speed particle can act in a colhsion-like manner on bound electrons at great 
distances and thus give up energy. The maximum effective collision 
distance thus becomes greater with increasing velocity and tends to infinity 
as D — > c When the polarization of the medium is taken into account, the 
field representation in Fourier resolution is completely changed for all 
frequencies with propagation velocity less than the particle velocity, 
hence in the case v > c/(e)^ for all frequencies less than the resonance 
frequency. For these frequencies there is formed a bow wave with angle 
different for each frequency, thus showing a dispersion, but approaching a 
fixed fonn as w — » c and showing no further contraction Hence, the maxi- 
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mum effective collision distance no longer approaches mfinity, but rather, a 
fixed limitmg value. 

The difference between foi-mula (5) and the Bohr formula (4), as men- 
tioned above, also represents the corrections to be added to the complete 
collision formula (1). Thus we now obtain for the energy loss of a hi gh 
speed charged particle the improved expression 


fdE\ 2ime*j, nw^W , ,, \ 1 

■ W = - V /C) + a - V /c) - log*! I 

for V < c/(«)*, 

(dE\ 2me*!, md‘W , , , , 1 — v'‘/c^\ 

\-di) = ^ - 1) - -rrr-/ 


for 11 > c/(«)* 


( 6 ) 


For V = c/ (e)* the two expiessions merge. In the limiting case of very high 
energies the last term of the second expression falls completely away, and 
furthermoie, the quantity IZ can be replaced by the coiresponding ex- 
pression tiuo of our model and e — 1 by One then obtains the 

formula for loss of energy by collisions valid in the limit of very high 
energies. 



According to this foimula, the cneigy loss at vciy high energies depends no 
longer upon the nature of the absoibing medium but only on the electron 
density prevailing theiein; this is of such a naluie that the energy loss 
becomes less with mci easing density. 

The eneigy loss at low energies depends on the value of s. This quantity 
in the simplified Fermi model is the static dielecti ic constant. In considei - 
ing real matter this must be icplaced by an effective value which is given in 
an originally unknown mannei by the dispeision characteristics of the ma- 
terial. In this respect thcie is some unceitamty m the application of the 
collision formulae (6) In oi der to evaluate the influence of this uncei tainty, 
Fermi calculated the energy loss of ordmaiy electrons in water, at one time 
assigning the value e = 1.7 and at another time the value c = 1.1. The 
results are compiled in table I. It is seen that the difference with respect 
to the old theory (e = 1} becomes appreciable only for energies at which 
the energy loss is preponderantly determined by the radiation losses; hence 
the preceding formulae lose their significance 
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Table 1 


Electron energy 

10« 

10’ 

10«eV 

fe= 1 

1 93 

2 1.5 

2 72 MoV/cm 

Energy loss 1 e = 1 1 

1 92 

1 91 

2 09 

II 

] 83 

1 75 

1 94 


In the case of heavy particles, piotons, deutcrons, and a-pai tides, the 
radiation losses set in only at much highei energies On the other hand, 
the velocities of these pai tides, up to eneigies of a few MeV, still lie so fai 
below the velocity of light that the fiist of the two fomiulae (6) is applicable, 
and it differs from the old collision-loss foimula by only a few percent 
Thus, measurable effects do not occur heie eithei 
It is diffeient in the case of the mesons Heie such high energies aie 
available that, on the one hand, the differences between the old and the new 
collision-loss foimulae must be quite noticeable without, on the other hand, 
the radiation losses playmg any essential role Fig. 1 shows the energy 
losses calculated according to (1) and (6), respective! j', in air, water, and 
lead One sees that, accoidmg to foi-miila (1), the energj- loss in the vaiious 
substances at low energies shows a svstomatic vaiiation with the atomic 
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number of the absorbing substance, whereas at the higher enei:^es, accord- 
ing to the new theory, thcie is a systematic dependence on the density. 
The point whcie the tiansition takes place, as well as the more exact course 
of the cur\’e in this vicinity, depends upon the assumed value of t The 
dash ciin'c. which iefci‘> to lead, mdicates the lesults of Wick’s calculation 
(W 0), which has diawn upon empirical data fiom optics for the calculation 
of the coiiis5e of the curve in the transition icgion In a precise calculation 
of this natuic the transition is somewhat smoothed over, but the difference 
with respect to the Feinu calculation is piacticallv without significance 
At any rate, one sees that with meson eiieigics ol 1()‘" volt.s, in spite of 
nearly identical atomic iiinnbeis, thcic is alicadv a noticeabl.v weaker 
absoiption in water than in a layci of an of the same number of elections 
In oidei to claiity the (lucstion of the I'xtcnt to which this effect can 
explain the diffeiencc found cxpeiimentallj' between the absoiption in 
watei and m an, Feimi has discussed Ehmeit’.s measuicments (E 1), as 
well as those by lios-.i, Hilbciiy and Hoag (R 9), on the basis of his 
colli&ion-loss formula, which he applied m the foim (7), valid for high 
energies Ehmeit finds that the number ot mesons behind thick layeis of 
air ( > 10 m. water equivalent) amounts to only about half of that behind 
a coriespondmg lavei of water, and that the lemainmg lays fall off with the 
1 87 power of the depth mcasuied in meteia of watci The latter fact can 
be explamed, according to Eulei and Hcihciibcig (E 7), if it is a.ssumed 
that the number of mesons of eneigy gieatci than E at the point of their 
creation is given by a power law of the foim N = c • E~^ and that these 
mesons are then absoibed with a constant energy loss — According to (7), 
the energy loss foi mesons of 10’°eV is 2 2 MeV/g cm in water and is 2 8 
MeV/g cm."^ in an of the mean density of the atmosphere ( = 1/e of the 
density at the eaitli’s surface) The limiting energies of mesons which are 
just able to pass thiough a thick water la 3 'ci and a thick air layer, respec- 
tively, are in the latio of 2 2 2 8, and the numbers of surviving mesons are 
in the ratio (2822)* = 1 58 Ehmert's measuiements give for this 

latio the value 2 Since the theoielical evaluation resultmg from the 
application of equation (7) donbtles.s gives an upper limit of the value to be 
expected on the basi.s of the I'Vimi ellect, it must be concluded that this 
effect can explain, at the most, 50% of the obseivcd effect. The remaining 
difference must be ascribed as befoic to a decay of the meson 

This comes out even moie significantly in considering the experiments by 
Rossi, Hilberry, and Hoag, who have measured the variation of the meson 
intensity in the atmosphere and at various depths have determined the 
decrease due to the insertion of a graphite layer of 82 g/ cm.‘ in the radiation 
oath. This decrease is again only half of that of an equivalent layer of air. 
.Since in such a thin absorber only the .slowest mesons (up to 10*eV) are 
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taken out, the Fermi effect is of almost no importance; an evaluation shows 
that it can not account for even 10% of the measured diffeience Hence, 
these experunents lend weight to the decay theory of the mesons and give a 
decay period of 2 • 10“° see 

A more precise discussion of meson absorption has been undei taken by 
Lyons (L 12) He took into account the energj’’ dependence of the collision 
losses, together with the spectial distribution of the mesons, for which he 
assumed a power law of the foim N a • (N = number of mesons at 
the place of their cieation with energy gieatei than E) If decay is left out 
of consideration, as is allowable in sohd or liquid substances, the Fermi 
collision-loss formula shows that the total number of mesons behind an 
absorbing layer is to be calculated by ascribing to a meson of energy E a 
range R on the basis of the i elation 

R = 05 F" F m 10®eV, Rmm H^O. 

Here it is to be remarked that fiom this relation, wliich is calculated with 
the help of the mean energy, one cannot diaw immediate conclusions on the 
most probable energy loss of a &mgle meson such as appears in Wilson 
chambei measuiements The distribution of energy loss for a single 
particle is given by an asjTiimetucal piobability cuiwe whose maximum lies 
at a lowoi energy value than its mean value Accoiding to Lyons the mean 
energy lo^s m 1 m ILO for a meson of 10‘'cV encigy is about 3 10®eV, 

whereas 1lie most probable eneigy lo^s is only about 2 2 • 10®eV — The 
above energy range relation holds foi 7 < 2 With the help of the depth 
relation measured by Ehmeit, N = c T~' one can thus undertake a 
more precise deteimination of 7, with the result that 7 = 1 87 • 0 96 = 1 80 

At veiy great depths of water, accordmg to Wilson’s measurements, the 
Ehmert exponent 1 87 for the dependence on depth increases to a value of 
about 2 5 Accordmg to Lyons, this phenomenon can be explained by an 
additional energy loss, which sets in only for veiy high meson energies 
10“eV) and is in piactically quantitative agreement with the cross 
section for excitation of Hoffman bursts at great depths as measured by 
Schein and Gill (S 3) Whether this energy loss has to do with an absorp- 
tion term for mesons of spin 1 coimng m at high ener^es according to a 
calculation by Oppenheimer, Snyder, and Seiber (0 2), or whether it is 
simply a radiation loss must, howevei, lemain unanswered 

The discussion of meson absorption m the atmosphere and m shallow 
depths of water also leads, according to the more precise calculation of 
Lyons, to the result that one has to assume a decay of the meson. The best 
agreement with the expenmental results is obtained if one ascribes to the 
meson a mean life of 3 10~° sec. 
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1. Identification of Bursts with the Penetrating Component 

The 111 the ionization chamber discoveied by Hoffmann consist 

pieponderantly of a veiy large number of electrons of both signs appearing 
simultaneously and thus constitute simply the veiv largest “showers ” 
Part of the buists undoubtedly have their oiigin m the soft component, 
these bursts evidently occur when a portion of a laige air shower stnkes the 
chamber walls Other bui&ts, however, must be asciibed to the hard 
component This anah'sis has been thoioughly studied by Euler and 
Heisenberg (E 7). Consequently we will follow then discussion of Nio’s 
liurst pioduction curve (N 3) 

Fig. 1 shows the dependence of thenumbei of those buists, which contain 
more than 200 pai tides, upon the tliickness of the absoibing layer placed 
above the chamber The maximum of the cuivc is to be ascribed to the 
soft component, smce its height and its dependence on the thickness and 
material of the layer coi respond to the piedictions of the cascade theory 
The maximum in lead is the gieatest and occurs for very thm layers, 
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(calcuUted in g/cm.^); in iron it is smaller and occurs at a greater thickness, 
and m aluminum it cannot be seen at all 
On the other hand, at veiy great thicknesses, the number of bursts which 
is nearly independent of the thickness of the layer, cannot derive from the 
soft component but onlj' from a radiation which has a very small absorp- 
tion coefficient We, therefore, ascribe them to the mesons as a secondary 
effect Yet in eveiy respect they behave as normal cascades which have 
built up in the absorbing laj'er. They differ from the cascades at the 
maximum of the curve only m the fact that the piimary electron or light 
quantum which leloased the cascade did not come into the absorbing lavei 
from above but was excited or acceleiated within the layer by a meson 
What conclusioiih can be diawn from the experiments on the piimaiy 
pioccss of creation ol the fiist paiticle of the cascade‘s Appaicntly its 
dependence upon the nuclcai’ chaigo differs fiom that of the cascade 
excitation itself. According to Fig 1 it is w eakc&t m load and strongest in 
aluminum; admitting the imcertaintj- which lies m the fact that the cuives 
have been mcasuied up to actual satuiation only in the case of lead, it 
seems to be tiue that the probability of the piocess does not increase u itli Z 
The dependence of the number of bursts on their size is also important 
This throws some light on the energy distrilmtion law of the paiticl&s 
which excite the burst. The expeninents (Sittkus (S 18), Schein and Gill 
(S 3)) show that the number iV(<S) of burets, in which more than S particles 
are present, vaiics as 6 '"’', in which the exponent 7 lies m the neighborhood 
of 2 Smee, on the aveiage, (he energy consumed in a buret is propor- 
tional to the numlier of pai tides, S, the buists show a distribution law 
which is identical within the errois of measurement with the distribution 
law of both the hard and the soft components {JE~^ *') 

Before wo invoke other e.\periments w'e ask what postulates can explain 
the regularities already cited 


2. Interpretation of the Association of Bursts 
with the Meson Component 

By what process can a meson excite serondarj'^ particles of sufficient 
energy to produce a buret'i’ 

Within the field of theoretically kuoivn pioc&sses, ionization and radia- 
tion-by-collision come into consideration Normally, in ionization, a meson 
transfers to an atom only a small amount of energy, i.e., less than lOOiV ; 
the summation of these numerous small energy losses is what causes a 
meson to have a finite range in matter Occasionally, however, there 
must occur processes in which an electron experiences a very great impulse 
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and extracts a considerable fraction of the energy from the meson. Like- 
wise, through radiation-by-collision, a correspondingly large fraction of the 
energy can be transferred to a light quantum, which can then stait a 
cascade. It is true that mesons weie first differentiated fiom electrons by 
the fact that they excite no radiation-by-collision However, collision- 
ladiation piocesses must occur on very long paths, at least as frequently 
as in the ratio of the squares of the masses of the electron and the meson 

Another possibility is to assume a Ileiscnbcig “Explosion” as the oiigin 
of the buists, i e , the excitation of manv pai tides m a single elemental v 
act As Heisenberg (cf Chapt 12, Hciscnbcig) has lemaiked, theie is 
1 eally no significant diffeiencc between tlus and the pi cvious interpietation, 
for the explosions will t.iko place only when a gieat deal of energy is tians- 
leirod by an inteiaction of the meson with mattei. It would, theicfoie, 
seem lea&onablc to investigate this inteiaction along the lines of the normal 
thcoiy and in this niannei fust to ask vhethei what one calculates is the 
probability foi the excitation of a single secondaiv jiaiticle, as is usually 
assumed in the statement of the .standaid theoiv, oi whether m the piocess 
many pai tides aie automaticallj- cieated as “bj- pioducts” (cf the investi- 
gations of Bloch and Noidsieck on the emission of light m the Rutheifoid 
scattenng, and the woik of Ileisenbeig on meson showers; Chapt 12, 
Heisenberg) 

Bhabha (B 19) has calculated the effective cioss-sc'ction tor the excitation 
of a veiy fast election liy a meson (the “knock-on” jiiocess) The eneig.v 
dependence of his tonnula, however, is not in agi cement with the experi- 
mental result.s If we designate by e that fi action of the energj' of the 
meson which is transfeiied to the electron (e is, therefore, a pure numbei: 
0 < e < 1), then, according to Bhabha, the effective cross-section is pro- 
portional to de/e' This means that on a peicentage basis very small 
energy tiansfcrs aie favoied If one takes a spectium of the mesons m 
which the numbei A’^„,(A^) of those mesons with cneig 5 ' greater than F is 
proportional to then, on accoimt of the prevalence of small energj' 
transfers, the number .V.(^^) of knock-on electrons with energy greater 
than E is proportional to wheieas the expenments require that this 

quantitj' be proportional to E~' 

One can conclude from this that the primal y process of energy transfei 
must, in the final analysts, have a cioss-section which is more nearly propor- 
tional to de/e Then, although the small energy ti ansfere are more probable 
than the large ones, the mean energy transferred m a collision is propor- 
tional to J as an example, if it extends from e = 0 to e = 1/4, the 
integral has the same value as from «=l/4to« = 1/2; that is, the energj- 
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transferred in an e-interval is independent of e, and hence the primary 
spectrum is exactly reproduced in the bursts. 

The dependence of the process on the material will be discussed in 
section 5. 


3. Application to Radiation at Great Depths 

Although the burnt excitation is quite rare, it must contiibnte to a cei tarn 
extent to the absorption of mesons This contribution should make itself 
noticeable at very gieat depths 

In the fimt approximation the mtensitj’ of the cosmic radiation at gieat 
depths (fiom sea level to a depth of about 1000 m watci equivalent) can 
be again i epi escntcd by the power law, m ith w Inch m e ai e ah cady lamiliai 
If T IS the depth tiom the top of the atmospheie measured in gm/cm " oi 
in cm water equivalent, then the mtensity of the radiation at great depths 
is nearly piopoitional to T~' wheie-y again has about the value 1 9 (Clav 
(C 4), Wilson (W 13), Ehmcit (E 2)) This is immediately undeistandablc 
theoretically, if the mesons aie stopped exclusively by ionization piocesscs, 
because then each meson has a fixed langc piopoitional to its energy If a 
IS the eneigy loss of a meson jiei cm lEO, them at the depth T all mesons 
with energy greatei than Ta aic still picscnt Thus the eneigy spcctium is 
transfoimed immediately into the absoiption cuitc (cf Eulei and Heisen- 
berg). 

Expel mien tally, hoiievei, the ah&oiption law is not exactly T~' 'J’ho 
absoiption takes place consideiably moic ''lowlv than this law loquiies 
over the fiist 100 m IT,0 and somewhal ta^-tei tioni 500 m ot watei on 
down to great depths 

The initial slower absorption is a ti audition etlect tioiu aii to \iater. 
connected with the decay of the meson (Eiiloi and Ilcisenbcig (E 7), 
Lyons (L 12)). In the atmospheie the docav plays a compaiablc lolc with 
the absorption by ionization, hut (his is, not so m watei oi solid giound, 
only in the air, because of its low' density, aie the individual ionization 
processes distiibutcd ovei such a long path that the meson has time to 
decay Because oi the dilatation ol tune the ^low mesons decay preferen- 
tially Theiefoie, in the atmospheie the numbei of mesons w ith low eneigy 
IS less than con esponds to the E" '' spocti uin These slow mesons, moi eovei , 
are the fiist to be stopped aftei entiy into watei oi earth. Therefore, fewei 
mesons aie absorbed at first in w'atei than would be expected from the 
spectrum W. The normal law T~'' can hold true only after the absorption 
of all mesons, the frequency of which was appreciably altered by decay 
The effect has nothing to do with the burst piocess and will not be consid- 
ered further at this point 
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On the contrary, the increased rate of fall of the absorption curve at very 
great depths can be ascribed to the excitation of bursts (cf. Lyons (L 12)). 
We might ask what absorption law would be e.\pectefl for these By this 
process a meson is absoibed effectually in a single act It does not dis- 
appear entirely but diminishes its eneigs' by about a factor of 1/2 In this 
way, however, it goes over into an energy range in which, according to the 
E”’' law, there are many more mesons than in the original range That is, 
the gap which the burst process leaves m the mesons of high energy is much 
more noticeable than the associated mcrease in the number of slow' mesons, 
which is equal in absolute number but smaller in percentage In a first 
approximation one can figure that eveiy meson which undergoes a burst 
process disappears When this fate will overtake the individual meson is a 
matter of chance; whereas the noraial ionization reduces the meson energj' 
slowly and giadually, the buist processes have the effect of thinning out 
the meson stream Hence an exponential absorption must be superposed 
upon that which varies with T"' Thus the meson intensity should vary 
with depth as 

FiT) = const (1) 

The experimental results can be represented by 

“ “ 2mmHjO 

A prpof of this thcoiy is also afforded by the intensity of the soft radiation 
at great depths Electrons which are present at a considerable depth 
below sea level can not stem from the primary soft component They must 
have been excited by mesons Since the decay plays no r61e, they must arise 
from the burst process. At least, one can legaid the bursts as the most 
important of the pi eduction piocesses It must, theicfore, be possible to 
compute the intensity of the soft component hehincl great thicknesses of 
water from the additional exponential ab-soiption of the mesons Accord- 
ing to Williams one can make the foUow'ing lough calculation 
From the meson component, wliich can lie iepic«ented as a current of 
eneigy J per cm.“ per sec , the exponential alisoi ption extracts the energy 
JadT in the element of path dT This encigy is tiansfened to the soft 
component Since the pioccss i.s stationaiy in lime, the soft component 
must lose the same energy in the same distance Thiough ionization an 
electron loses about the same eneigy a per cm H 2 O as a meson Hence, in 
the distance dT the soft component loses the energj' a dT per paiticle; 

Jot 

since its total loss m this distance is the enorev JadT, it must contain — 

a 
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particles per cm.* per sec. For comparison, we must know the number of 
particles in the meson component. Since we have assumed the total 
energy J of all mesons as a known quantity, we need to know the mean 
energy of a meson The number of masons of energy greater than E a( 
depth T IS pioportional to {E + aT)~^ since the mesons which have energy 
E at depth T had originally the eneigj' E aT Here the additional 
ab.soiption has been overlooked, and the calculation is valid only for depths 
which are small conipai’ed with 2000 meters of HjO. The number of 
mesons with energy between E and F + dF is consequently proportional 
to (F + aTy'^dE, and the mean energj-^ 

fiE + aTr-'EdE 

F = ^ = 1.25a7-. (3) 

(F + arr''-'dF 

*'o 

The mean energy of the mesons, therefore, increases in proportion to the 
depth. This becomes evident when one recalls that the pnmary spectmm 
E~^ diverges at F = 0; thus, if it is not modified for small values of F, it 
gives a zero mean energy Howcvei, the absorption soon disposes of the 
excess of slow mesons The number of mesons is, therefore, J{y — l)/aT, 
and the ratio of the number of electrons to the mesons is N./N^ = aT/ 
(y — 1.). The relative intensity of the soft component must, therefoic, 
mcrease with the depth T This follows immediately from the inciease of 
the mean meson energy with the depth, since the more energetic a meson is, 
the more electrons it can excite in a bui-^t 
In a depth of 400 meters H 2 O a ratio N,/N„ = 0 25 is to be expected 
The experimental results give 


Author 

r in m HiO 

N./N„ 

Augeb-Ghivet 

30 

0 07 

CliAY 

300 

0 11 

ff 

427 

0 22 


For the quantitative comparison one is referred to the work of Lyons. 


4. Theory of the Elementary Processes of Burst Excitation 

Just what is the elementaiy process which we have formally designated as 
a “burst process”’ 
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The calculation by Bhabha takes account only of the interaction of the 
electric field of the meson with the impacted election Oppenheimer, 
Snyder, and Berber (0 2) have raised the pomt that with the spm of the 
meson there is associated a magnetic moment, which for very close colli- 
sions gives rise to a very much larger intei action than the electric charge 
Even moie than m diiect ionization tlus mtei action ■'hows up m a stiong 
I'adiation-by-colhsioii Chiisty and Kii.-'Ska (C 3) have evaluated all of 
the effective cross-sections of intei’ost In w liat follow - we give their results 
w ith a few explanations 

The effective cioss sections are eialuateil foi tliiee possible spin values 
of the meson : 0, 1/ 2ft, and 1 ft Although the expci imen ts of nuclear physics 
show that a meson of spin 0 is not satislactoiT, this value is included since 
recent hypotheses suggest the existence ot vaiious kinds of mesons with 
different spins (cf section 5 and the 10th Chaptei on the theory of mesons) 
The spin 1/27/ is included in the mteiest of completeness although the 
mesons responsible for the nuclear foiccs, accouling to Yukawa’s hypothe- 
sis, must have whole valued spins. The values of the magnetic moment 
listed are those which aic dciived fiom the usual held equations without 
additional tenns introduced ad hoc. At the same time they are the values 
for which the calculated effective cioss-section has the smallest possible 
value. Moreover, the empirical value of the magnetic moment of the pro- 
ton and of the ncution shows that an elenicntaiy particle need not neces- 
sarily have the “noimal” magnetic moment The effective cross-sections 
listed are, therefore, the lowest values since diiect measuiemcnts of the 
magnetic moment of the meson aie not available 

In the formulae the .symbols signify the following n, the meson mass, 
m, the election ma&s, a = e‘/tic the Sommcifold con.stant, Z, the charge of 
the nucleus at ivhich the process takes place, En, the pnmaiy energy of the 
meson, e, the fiaction of the eneigv transfeiieil to the electron or light 
quantum = [1 -t- (nV /2mE„)]~' = Eo/iE„ -f 10"’cV) i.s the maximum 
fraction of the eneigy which can be tiansf cried at once As long as the 
meson travels moic slowly than light, the electron can at most take on the 
velocity of the meson and, consequently, only a small fraction of its energy, 
which is proportional to Eu If, on the other hand, the meson travels wdth 
practically the velocity of light, the value of €„ approaches the value 1 

CO = (-i,) aZ^ ~ Z' 1.6 10"’" cm* is the unit in which we measure the 
Kmc / 

effective cross-sections 
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I. Impact with an electron 
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11. Collision-radiation 
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In the last expiession, which gives the collision-radiation for meson spin 1 
additive terms which inciease only logarithmically with Eo have been 
omitted 

The calculations show that the collision-radiation must be made responsi- 
ble for the laige buists; this is indicated by the fact that the electron impact 
processes have the factor dt / 1 (only for spin 1 is there a term in d«/e) 
From the theoretical standpoint can the calculated cioss-sections now be 
applied without further consideration’’ 

In all three cases the calculated cross sections must be in error for very 
high values of the meson eneigy Ea, but for different reasons The collision- 
radiation originates, in the cases of spm 0 and spin l/2ft, from transitions of 
the meson at the nucleus, tiansitions in which the separation between the 
meson and the nucleus can be quite large The logarithmic mcrease of the 
cross-section with E^ follows from the fact that the greater the energy the 
greater the collision-distances which contribute to the effect. This increase 
is limited, however, to collision-distances which are less than the mean 
atomic radius since the nuclear field has no further effect on the meson on 
account of the shielding by the electron shells This comes into play at an 
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energy Eo 




Above this energy the effective 


cross-section remains constant 

On the other hand, the colhsion-iadiation with '?pm 1 arises fiom transi- 
tions verj’^ close to the nucleus In this case, howevci, the fonnula is in 
eiToi for anothoi icason In it.s deiivation it i>! as>unied that the intei- 
action between the meson and the nucleus is small, the Boin collision 
theoiy was used in the calculation This aasumiition becomes mcoirect foi 
Eo = 2 ■ lO^’eA'^ It is to be assumed that above this encigv single excita- 
tion of a light quantum generally does not occur, but an “explosion” takes 
place vnth the simultaneous excitation of many pai tides (piesumably 
mostly mesons) Chi istj' and Kusaka have at tempted to derive a lower limit 
for the cross-section at veiy high eneigies Most of the intciaction aiises 
from radiation of high froquciiej' (above 137 / It) The authors calculate 

only that eontiibution to tlic collision ladiation which is made by fre- 
quencies below this limit If one makes the plausible but unpi oven assump- 
tion that radiation of high fiequcncy is diminished by a non-linear intci- 
ference phenomenon while that of lower ficqucncies is not, the cross-section 
so calculated should be regaided as a minimum value This gives 




2 - 2e + 7 A 
12 ) 


Heie A IS a constant which to a ccitain degree measuies the cutoff frequency 
in units and heie would be set equal to 137 The terms omitted here 
are independent of A 


5. Comparison with Experiment. The Spin of the Meson 

We now have the question whether the processes introduced above are 
sufficient to explam the obsened biiists This seems to be so; at the same 
time it gives unexpected iiifoi matron on the spin of the meson. The depen- 
dence of buist excitation on the mateiial comes out, according to calcula- 
tions by Oppcnheimer (0 1) and by ChiLsty and Kusaka, in essential agree- 
ment with the experiments We will not, however, describe these calcula- 
tions here in detail The dependence of burst frequency on burst size is 
lepresentcd in Fig 2 Heie the cuivcs show the theoretical relations, and 
the dots are the expeiimcntal values of Schein and Gill Curve 1 corre-'; 
spends to spin 1 according to equation (5), cuive 2 to spin 1 according to 
equation (4), curves 3 and 4 to the spins 1/2 and 0 respectively. We are 
forced to the conclusion that the bursts arc set off by mesons of spin 0 1 
(or, at the most, of 1/2) 
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This result appears suipiising if we recall that nuclear physics, from 
which the idea of mesons originated, requires a meson spin not equal to 
zero to represent correctly the behavior of nuclear forces The contra- 
diction may be lelieved, and, at the same time, a whole series of new experi- 
ments IS suggested, if it is assumed that theie are two kinds of mesons, 
some of spin 1 and some of spm 0 



This thought was first put forwai’d m the theoiy of Moller and Rosen- 
feld (M 5) on nuclear forces These authors showed that the divergence 
of the nuclear forces, at least in the classical approximation, could be 
eliminated by the assumption of two cooperating meson fields with field 
strengths transformed as a vectoi or as a pseudoscalar and belonging to 
mesons of spin 1 or zero respectively Intuitively, one can say that the 
two kinds of particles give, in themselves, a divergent law^ of force, but that, 
by suitable superposition of their effects, the divergent part can be elimi- 
nated while a finite force remains Whereas one can object to this theory 
on the grounds that it leaves unexplained the quantum theoretical diverg- 
ence, yet it has become more plausible for reasons now' to be enumerated. 
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One of the most important difficulties with the meson theory is the differ- 
ence between the two values of the mean life of the meson, the one resulting 
from nuclear physics and the other from cosmic radiation According to 
cosmic ray measuiements the meson must live from 10 to 100 times longci 
than Yukawa had concluded from /3-decay This contradiction is clarified 
if it is assmned that both the nuclear field and the cosmic radiation contain 
two kinds of mesons, and that one ol the mesons has a long life while the 
other has a shoi t life, then one .should alwavs obsoi \ c the short life in d- 
deeay smee the shoit-lived mesons would jnccede the long-lived ones in 
decaying In cosmic ladiation, on the othei hand, the shoit-livcd mesons 
would decay in th(‘ high atmospheie, and at sea level one nonld ohseive 
only the long-lived ones 

Nevertheless, in cosmic ladiation one should notice some sign ol the 
short-hved mesons, there aie, indeed, strong indications of their presence 
Thus Weisz (W 3) has lemaiked that the vaiious detennmations of the 
mean life of the mesons from cosmic radiation give a longci mean life in 
proportion to the length of the path in the atmospheie used m the measure- 
ments for tiaversal by the mesons Weisz concluded from this that mesons 
have no unique mass value, yet any lack of uniqueness of the deeav 
time, including the existence of the two values suggested here, togcthei 
with an essentially unique vahu* of the mass, should load to the same result, 
since the shoit-lived mesons w ill hav e decaved moi e, the longer the observ a- 
tion path. Direct evidence foi shoi t-liv ed mesons at gi eat heights has been 
found by Juilfs (J 16) from the directional distnbulion of the hard compo- 
nent. 

If we assume that the meson of spin 1 is short-hved and that that of 
spm 0 is long-lived, then it is understandable that the burst measurements 
give meson spin 0. Other pos.sible application.? of the assumption of two 
kinds of mesons lie beyond the limits of this review 
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By W. Heisenberg, Berlin-Dahlem 

According to the Yukawa Theory, a stationary meson can disintegrate 
ladioactively into an election and a neutiino, and m the process the two 
particles created each receive about half of the icst mass of the meson m the 
form of kinetic energy The mean life tq of the stationaiy meson amounts 
to about 10"® sec according to the thcoiy, lecent work by Mollei and 
Rosenfeld (M 5) and Rozental (R 11) have pomted out that perhaps one 
must distmguish between two kinds of mesons, some of spin 1 and others 
of spm 0, ot which the foimcr should liavc this shoit mean life, whereas the 
latter could have an appiociably longei life, but the latter cannot be 
theoretically deteimincd without intioducmg new assumptions 
The fact that the mesons obsoived in the cosmic rays undcigo ladio- 
actu e disintegiation was first mdiiectlv mfciied fioin the number ot secon- 
daiy elections liv I'lulei (E 4) (cf also K 6a), and was latci confiimcd bv 
cloud-chambci photogiaplis bv Williams and Robcits (W 12) (cf also 
Kunze (K 7)) One of the most impoilant tasks now' consists of the 
experimental dcteiminalion ot the mean life tq The fiist evaluation ot 
this constant by Eulci on the basis of the expenmental results available at 
the time (K 6a) gave values of betw een 2 10"“ and 3 • 10~“ sec Latei 

investigations resulted partly in largci (Pomerantz and Johnson (P 5)) and 
partly in smaller (Kolhoister and Matt lies (K 5)) values The most precise 
work of recent yeais has shown that the coiiect value of t„ lies somewhat 
below the onginal value of Eulei, in the laiigc 

T„ ~ 1 5 to 2 5 10"“ sec (1) 

These experunents will be discussed m what follows 
Up to now' three fundamentally diffeient courses have been tollow ed to 
determine the decay time First, in one way oi anothei one can investigate 
the intensity of the mesons in an as a function of the path distance tia- 
versed One then obtains the mean decay path R, a quantity which is 
tied in with the mean decay time tq of the stationaiy meson, the momentum 
p, and the rest mass ii of the meson by the relation derived from the time 
dilatation of the relativity theory 


( 2 ) 
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Secondly, one can calculate indurectly the decaj' time, according to the 
method of Euler and Wilhams, from the number of decay electrons in 
equihbrium with the meson component thus about half of the energj' 
E ~ pc of the decaying meson is transfen ed on the average to the decay 
electron, which in turn fonns a cascade The eiieigj- pc/2 of the decay 
electron thus finally divides itself among elections of such low energj' 
(10“ to 10®eV), that these can no longer expeiience multiplication Xow 
let K be the latio of the number oi .such low encigv elections to the luimbei 
of mesons Then, m equilibrium, the energj" loss ot the meson per cm. 
because of decaj' must be twice as great as the energy loss per cm. of all of 
the electrons The eneigy loss bj-^ decay is composed of two parts- the part 
pc/R of the moving mesons and a pait associated with the mesons which 
have come to lest The lattei i.s evidcntlj' equal to the rest energy of the 
meson multiplied bj' the relative decrease per cm of the total number of 
mesons by ionization, and this is given bj" y/T, if dependence of intensity 
on depth is given bj' J T~' The mean energy loss a of an electron 
between 10* and 10“eV amounts m air to about 

a =s 3 10*eV/cm. 

Thus we have the relation 



Moreover, it will be shown later that on the basis of Rasetti's experiments 
(R 1) and the theoretical consideiations of Tomonga and Araki (T 2) the 
equation (3) can hold oiilj' for the positivelv charged mesons. 

In the third place, the decay tune of the stationarj’’ meson can be meas- 
ured directlj' if one allows the meMins to eome to lest and measures the 
time which elapses on the axciage beloie the decav electron is emitted 
(Rasetti (R 1)) 

The first two methods give cxpeiimental \ allies foi tJh, the latter de- 
termines To. Fiom the ratio of tlie lesults one can, m principle, mfer the 
mass of the meson; j'ct it will be .shown that the direct mass determination 


IS probably moic aecuiato than the numbcis Tn//i and tq. 

According to the fiist of the three methods mentioned, three determina- 
tions of To/m have been made in recent times Ageno, Bernardini, Caccia- 


puoti, Ferretti and Wick (A 1) liavc found vnliios of 



m the vicinitj’ 


of 4 to 5 microseconds. In two othei experiments the mean decay path was 
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measured for mesons of various energies; Rossi and Hall (R 7) have con- 
tinued an earlier experiment by Rossi, Hilberrj' and Hoag (R 8) and meas- 
ured the absorption of the penetrating component m Denver (1616 m ) 
and at Echo Lake (3240 m); Nielsen, Ryei-son, Nordheim, and Morgan 
(N 6) have made similar comparative lecords m lowei altitudes (125 m. and 
2040 m ) The principle of the measurements is m all cases practically the 
same At two different heights the absorjition measurements of the pene- 
trating component were earned out wuth multiple coincidences ot tiom 4 to 
6 coimter tubes between which were placed lead absoibing laveis In the 
measurements at greater heights an amount of absoibmg mateiial was 
placed above the arrangement of counters which was calculated to coi re- 
spond exactly to the absorption of the air layer between the two measuring 
stations when the decay was not taken into account As absoibing mateiial 
substances weie used with atomic numbers so close to those oi oxjgen and 
nitrogen that the convei-sion could be made n ith the usual stopping foi miila 
without enor 

Without the radioactive decay one should obtain the same results from 
the series of measurements at each height since the amount of mattei 
traversed was the same in both cases, a small difference is to be expected 
because of the effect discovered by Fermi (cf. Chapt 6, 'i'olz) who found 
that the absorption in materials of different density is not e'xactly propor- 
tional to the total mass; the influence of the Feimi effect is small, however, 
and will be taken mto account by a correction The radioactive decay then 
has the effect that the intensity is leas at the lower elevation, and the 
comparison of the two intensities gives directly the decay path In this 
manner the mtensity measurements behmd vaiious lead thicknesses seive 
to distinguish between meson groups in different energy ranges those 
mesons which arc stopped in a lead block and those which are able to pass 
through For each of these meson groups one can then calculate the mean 
energy from the thickness of the lead and the well-known meson spectnim 
The measurements then yield the mean decay path for ehch group The 
following table gives the companson between the average energy and the 
average measured decay path, they .should be approximately proportional 
to one another 


Table 1 



Rosbi and Hall 

Niblsen, Kyerson et al 

pe (in 10* eV) 

5 1 

13 

3 50 4 55 5 6 14 

R (in km) 

4 5 

13 3 

2 0 2 3 2 5 8 


The table shows that in each series of measurements the proportionality 
of R with pc is satisfactory, and, therefore, the time dilatation of the rela- 
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tivitj" theoiy is indirectly confiiined; the two series of measurements, how- 
ever, are in poor agi'eement with each other 
Correspondingly, the values of to/m resulting from the two series of 
measurements (with different corrections) are quite different; thus Rossi 
and Hall find 

To(^?) = (3 0 ± 0 4) 10"'’see, 

and Nielsen, Ryerson, Nordheim and Morgan find • ( 4 ) 

25 ± 0 3) IQ-’see 

A direct deteimmatioii of to has been made by Rasetti (R 1) with the 
aiTangement shown in Fig 1 In the figuie parallel connected counters are 
joined by a line and designated by a letter The coincidence recorder 1 
registers the fivefold coincidences of countei tubes A-B-C-D-E, while the 
recorder 2 registeis anti-comcidences of lecoider 1 and the counter tubes 
F, G Thus in 2 aie registered the events in which a meson penetrates the 
counters A, B, C, D, cnteis and remains m the absorbing block (of A1 or Fe), 
and a decaj' election is sent out into one of the counters E or a meson is 
deflected by the absorber into a countei E The lecoiders 1 and 2 have 
relatively low time-icsolvmg pow'ere (15 lO”' sec ) At the same time 
twofold coincidences D-E aie sepaiatcd out with higher lesolution by 
two other coincidence circuits 4 and (i, aic tied in w’lth the circuit 2 by the 
coincidence circuits 3 and 5, and aic iccoided on the registeis 3 and 4 
The lesolvmg powei of eiieuit 4, reeoided on legistci 3, is 1 95 10"“ sec, 

while that of circuit 6, lecoided on legistei 4, is 0 70 10”“ sec, or in 

another iiin 0 95 10”“ sec Designating by n, to ii, the coincidences 

counted in a given long inteival of time by counteivs 1 to 4, respectively, 
then 712 — and 7i2 — Ws indicate, respectively, the numbers of delayed 
coincidences in which more than 1 95 10”“ sec and more than 0 76 • 10”“ 

sec elapsed between the response of countei D and that of one of the 
counters E These differences should then be related to the mean life to 
of the meson bv the equation 

(I 95-0 7t>) 10-^ 

~ = e ” (5) 

7I2 Tl\ 

Rasetti found from prolonged registrations which were carried out, partly 
with iron and partly with aluminum as the absorber, that the mean value 
of To computed from (5) is 

To = (1.5 ± 0.3) • 10”“ sec 
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This value is in better agi ecmcnt with the value of to//i found by Nielsen, 
Ryerson, Nordheim, and IMoigan than with that of Rossi and Hall; thus 
the mass of the meson may deviate fiom the value /zc“ = 10®eV bj' 30% at 
the most The statistical erior, howevei, is still consideiable in Rasetti’s 
measurements For the present, therefoie, it can be stated only that the 
value of To is smaller than was previously assumed and probably lies be- 
tween 1 and 2 5 microseconds. 

These small values of tq and of tq/m are in turn difficult to reconcile with 
the values deduced by Euler from the number of secondary electrons 
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according to equation (S') . especially ^ce Bemardini. Cacdapaoti Ferretti. 
Piccioni. and Wick (,B 1^1 have shown that the number of decay electrons 
is even smaller than Euler had previously assumed With the apparatus 
described above Rasetti has investigated in how many cases the radioactive 
decay of a meson stopped m the absorbing block can actually be observed. 
After takmg account of the absorption in the block and of the solid angle 
filled by e<nmter tubes E. he has tound that on the average, only about 
half of all mesoii' decay ladioaorhely while the other half are absorbed 
without tlooay 

This result can be -ati'iactouly interpreted Siy tlteoterical consideration^ 
made by Tomnnaga and Araki i,T 21 These mvostigators have computed 
the probability tor the cantiue ot a meson m an a'oniic nucleus 'by trans- 
fer ot its energj' to a nuclcai p.irticlcl on the Yiikaw .i tfieorv'. In this they 
find an essential difloience between negative and positive mesons The 
effective cross-section toi capture of a negatu e meson satisties the 1 r law 
for small velocities and lesiilts in a mean capture liie r of negative mesons 
which depends on the density ot the material concemevl. even in air. this is 
considerably less than the mean life toi dccav i The theoretical values are 
of the ortler ot r. ^03 10"’ sex ' Slow positive mesons, on the other 

hand are piactically immune to captuie bccaU'O ot the Coulomb repulsion 
litnn the atomic nuclei, hence foi the positiic mesons decay is \eiy much 
moie probable than captuic 

From these considciatioiis and liaoctti s expenmeutal tiudmgs. one ciui 
conclude that only poMtnc mc.'Ons decav ladioactivcly, and that the 
n^atives aie piefeicntialh captured by atomic nuclei and there, as a rule, 
produce nucleai tiansfoiniatioii- Thus loimula (3) lelers only to positive 
mesons, and m it x refois to the oquihbiium latio of decay electrons to the 
positive raesoii- At -.oa level the numbei of decay elections amounts to 
about 189o of the meson.s, accoiding to BoppV dtscitssioii in Chapter 9 
Since .somewhat more than half ot all mc&ons at sea level cany a positive 
charge, the quantity k evaluated from the intensity of the soft component 
is about 0 3 Fiom this it follows from equation (3) that 



This number lies in the middle between the measuiements by Hossi and 
Hall and those by Nielsen, Ryerson, Nordheim, and Morgan, and by 
Rasetti. 

As regards the concept ot radioactive decay of the meson outlmed above 
theie is still lacking one essential point of e,\penmental confinnation If 
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the negative mesons are, as a rule, captured by atomic nuclei, then they 
must excite a form of nuclear transformation in which the entire rest energy 
of the meson (about 100 MeV) can be made available for heating the nucleus 
and evaporating nuclear particles. One should, therefore, regularly see at 
the end of a track of a negative meson in a cloud chamber, a nuclear trans- 
formation with frequent emission of several protons Thus far no observa- 
tions of this kind have been reported 



9. THE DECAY ELECTRONS OF MESONS 

Bv Fr<iTZ Bopp, Breslau (tempoiaiilv at Berlin-Dahlem) 

The soft component E (electron component) of the cosmic radiation 
contains at sea level, in addition to a slight residual R of cascades (see 
Chapter 1, Heisenberg), a secondaiy ladiation deiived fiom the penetrating 
component M (meson component) and made up of seveial parts of different 
progeny The mesons can produce secondaiy cascades, first, by knock-on 
interaction with the irradiated matter and second, by j8-decay. (Euler 
and Heisenberg (E 7)) (knock-on component 11’’, decay component Z) 
In what follows there will be described some lecent attempts which seek 
to determme the 2-component 

Fundamentally, any measurement is adaptable to this purpose if it 
displays the mstability of the meson, because, as was shown by Euler and 
Heisenberg (E 7), there is a close connection between the intensity of the 
decay component m i elation to that of the mesons and the mean life t# 
of the stationaiy meson Wick (B 8) and his collaboiators have derived 
this relation, independently ot the restiicted assumptions of the cascade 
theoiy, on the basis of the postulate invoked by Williams, (W 10) namely, 
that finally the total energy ti ansfeiied to the decay electrons — in the mean, 
therefore, half of the meson energy — ^must be transformed mto work of 
ionization If one introduces the fact discovered by Rasetti, (R 1) that 
only half of all mesons decay (cf Chapter 8, Heisenberg), this equation 
becomes 



Here nc^ is the rest energy of the meson, a is the ciieigv lost by ionization 
per cm of path in air, and T is the depth beloii the top of the atmospheie 
in cm air equivalent (ref ei red to the density of air at the place of obsei va- 
tions, thus T = 7 5 10 ’ ems ) 

The first term gives the poition tiom the moving mesons, and the second 
term is from the mesons decaying at lest after they have been stopped 
The value of a, at the ionization limit E, = 0.15 ■ 10"eV, appears to be a 
useful mean value for the ionization loss, since the energies of most particles 
in a shower lie in the vicinity of E,. According to Bethe (B 11 and B 26), 
for this case a = 3000 eV/cm in air at normal pressure In equation (1) 
no account is taken of the fact that decay electrons at the place of observa- 
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tion arise from mesons which have decayed on the average a few radiation 
units higher up This must increase the, ratio ZJM On the other hand, 
only particles which are above a certam energj' are detected by a coinci- 
dence arrangement, a considei ation which dimini'^hes the number of 
effective particles Wick and his collaboratore (B 8) believe that the 
latter effect predominates so that equation (1) should give too laige rathei 
than too small values 

According to lecent measuienients of the anomalous absoiptioii of the 
hard component by Nielsen, Ryeison, Nordheim, and Moigan (N 5) (cf 


Chapt. 8 Ileisenbeig), the veiy low value, 


= 1 25 iiiiciosoconds, 

\iC~ / 


was given lor the mean life ot the nic'-on, so that according to equation (1), 
with \a" = 80 ]\Ie^', one would expect tor the decaj'^ component Zj'M = 
24%. Othei measurements give, in the mam, higher values for the mean 
life, up to 4 5 micioseconds, and lead to values of Z/d/ all the way dowm to 
about 5% The higlici values agice qualitatively with those to be ex- 
pected from the analysis of the soft component at sea level The measure- 
ments by vaiious authois (foi example Augei, Lt'piince-Ringiict, and Eh- 
renfest (A 8)) give appioximatcly EjM = 30% Accoidmg to Euler (E 3 
and E 4), the portion of decav elections should lie of this same older oi 
magmtude, since, according to the cascade thcoiy, thcic should be piac- 
tically no pnmaiy elections at s(*a level, and since the knock-on election 
component TF may be legarded as small (Augci and Rosenberg (A 12), 
Bemardmi, Cacciapuoti and Fciietti (B 8), Grivet-Meyei (G 9), Wilson 
(W 14), Santangelo and Sciocco (S 1)) 

Siegeit (S 17) has attempted to deteimme the intensity of the lattei 
independently of the decay component Behind layers of matter of suffi- 
cient thickness the Z-component is i educed by absorption to a small 
residual arismg fiom the decav of stationaiy mesons, so that practically 
the only remainmg electrons aic the knock-on electrons pioduced m the 
absorber Their intensity agiecs satisfactoiily with that of the knock-on 
electrons m air if the atomic numbcis of the absoibci and of an are taken 
into account Sicgeit’s measurements give for the solt component under 
the open sky E/d/ = 31 G%, and behind a layer of water 3 radiation units 
thick he gives E/d/ = 20 5% The fii^t value agiees with those of other 
authoi-s (Nielsen and Morgan (N 4), Stuhlmger (S 23), Slicet, Woodward, 
and Stevenson (S 22), Auger (A 7)) within the limits of eiror The second 
value is not in agreement with other measurements if it is assumed that 
the water layer used was thick enough to absorb all of the decay electrons; 
behind a layer of stone four times as thick Wick (B 9) and his collaborators 
obtained only a 5% knock-on component instead of the 20% cited above. 
It was also reported by the same authors that Santangelo and Scrocco 
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obtained the same value behmd twice again as great a thickness. Meas- 
urements by Pomerantz (P 4) are also in agieement with this value. Only 
Alexeeva’s measurements (A 2) made with absorbera 4 to 5 radiation units 
thick check with those by Siegeit 

Fiom examination of the various data it must be concluded that a consid- 
erable fraction of the decay elections can penetrate through shields from 
3 to 5 radiation units thick. In fact, one might expect only a small degree 
of absorption in shields that are not too thick since the spectrum of the 
decay electrons falK off only iiivcrselj’^ with the hist power of the energy 
A calculation on the basis of the cascade theoij'^ (Bopp (B 30)) gives about 
a 40% penetiation thiough a water layer 3 ladiation units thick. The 
fractions obtained foi the decay and for the knock-on electrons — as usual 
neglecting the residual piimaiy electrons — are 

‘M = 18 5%. 117-1/ = 13 1%, (2) 

values which appear to agiee rathei well with the above measurements 
Moreover, Alexeeva’s measurements (A 2) fit in with these considerations 
However, his conclusion legarding the i datively stiong absorption of very 
thm layers hardly applies to the medium thicknesses exclusively used by 
him Accoiding to the cascade theoiy a relatively rapid decrease of in- 
tensity 01 , uiidoi ceitaiii ciicum.stanccs, a similar use of intensity, can take 
place until an equilibiium chaiactciistic ot tlu' malmial between paiticles 
and quanta is reached 

In the above analysis of the soft compouent the assumption is made that 
the intensity of the pnmaij' cascades is practically zero. This is based 
upon the following consideiations In the hist place the theoretically cal- 
culated latitude effect of the piimaiy' cascade-, at sea level amounts to 
only 1/10 of the obseived latitude effect of the hard component. Empin- 
cally, however, the latitude eflect of the soft component agrees appioxi- 
mately wnth that ot the haul component In the second place measuic- 
ments by Bow'en, Alilhkan and Nchci (B 32) .show that the cascades of 
electrons in a nariow band of piimaiy encigies have in the upper atmos- 
phere an mtensity vaiiation which agices almo.st exactly with that derived 
theoretically The exces*! of intensitv at sea lev'ol must, therefore, be of 
secondary oiigiii In the thud place, according to Euler (E 5) one can 
evaluate the intensity ol tlic /f -component (icsidual piimary elections) 
from the frequency of laige buisls since extensive showera and the large 
Hoffman bursts arise fiom the residue of vciy energetic pnmary electrons 
This turns out to be negligible. 

Bemardini, Cacciapuoti, Ferretti, Piccioni, and Wick (B 9) have at- 
tempted in the above mentioned work to confirm this indirect conclusion 
by direct measurement. They determine the intensity of the soft oompo- 
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nent at sea level under the open sky and on a mountain behind an absorber 
which compensates for the thickness of air between the two stations The 
excess of intensity at sea level should be equal to the mtensity of the decay 
electrons created between the two stations and, m general, equal to the 
intensity of the Z-component if the thickness of the absorber is enough to 
prevent any of the decay electrons produced above fiom passing through 
The authors discuss the lesults of their measurements on the basis of the 
latter assumption, which, according to the above analysis of the various 
determinations of the IK-component, may not be quite right In the 
following analysis the results of calculations on the absorption of decay 
electrons (Bopp (B 30)) will be used 


Table 1 


B/4/ in % 

A 

B 

C 

Valley Station 

25 0 

22 5 

33 3 

Mountain Station 

26 2 

31 1 

51 6 


The results of investigations bv Wick and his collaboiatois aie shown in 
column A of the above table and may be compaied with the measuiements 
by the Duke University group (Nielsen, Ryerson, Noidheim and Morgan 
(N 5 and 6)) taken under exactly similai conditions and shown m columns 
B and C (cf Fig 1) The latter measurements were carried out for anothei 
puipose (cf Chapt 8, Heisenberg) but they piovide a measurement of the 
fraction of the mtensity due to the soft component and are, therefore, 
useful for determining the intensity of the decay component At least 
they aic useful as a critique of the first work The important data regard- 
ing the conditions of the ti\o expeiiments are shown in the following 
synopsis 


Table 2 


Measurement 

A 

B 

c 

Volley station 

Rome 50 m 

Durham 123 5 m above sea 

Mountain station 

Cervinia 2050 m 

Mt Mitchell 2040 m 

Coincidence arrangement 

Threefold 

Fourfold 

Compensating absorber 

170 g/cm* earth 

204 g/cm* graphite 
(mass eqmvalent) 

Sidewise screemng 

no 

1 no 

1 ycB 


The layer of earth was a little less than the mass equivalent of air to com- 
pensate for the higher atomic number of earth with respect to air 
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Contrary to expectation the percentage of the counts due to the soft 
component at sea level is not any larger than at 2000 m Whereas Wick 
and collaborators assume that the differences to be expected on the decay 
hypothesis are covered up m the errors of measurement, the comparison 
with column C suggests the explanation that the counts at the greatei 



n ^ ^ r 

fuH curve: mountain station 

— dash curve: valley station 
Measurements m home and Cervtnia 
5Qm and 2040 m resp, ahove sea level 
Hi • Sidewise unscreened 
HitStdewke screened,masuremeobmlhirhem 
end on Mt Mitthell, 125m and 2050m 





heights are appreciably ialsihcd by sidewise showers That also agrees 
with the findings of Coccom and Tongioigi (C 5), accordmg to whom the 
sidewise showeis can amount to as much as 30% at 2000 m even with 
fourfold coincidences One lemaik in the papei (Nielsen, Ryemon, Nord- 
hftiin and Morgan (N 5 and 6)) rejecting the assumption that sidewise 
showers are influential, probably concerns only the measurement of the 
hard component which was the real objective of their work This is also in 
agreement with the measurements by Cocconi and Tongiorgi, who have 
established the fact that the influence of sidewise showers decreases as the 




96 


F Bopp 


thickness of the lead absorber is increased The difference between the 
results in columns A and B of Table I may be attributed to the low pre- 
cision of the measurements under B which served only as exploratorj* 
investigations The deviations here aie no gieatei than those between the 
individual measuioments for which the mean value is given under A 
So far as is geneiallj' possible under the cii cumstancos desciibed above, 
only the measuicments of Bemarchni, Cacciapuoti, Ferietti, Piccioni, and 
Wick (B 9) will be used in the calculations To take account of the side- 
ivise showci-s one can m a somewhat rough and arbitrary manner reduce 
the measured values taken on the mountain by about 20% as suggested 
by the data of Coeconi and Tongioigi The contribution from decay elec- 
trons produced between the mouiitam and vallej' stations is thus AZ/d/ = 
0.042 ± 0042 After taking account of the mean statistical errors one, 
therefore, obtains as the statisticallv deteimmed upper limit LZjM = 0 10 
An evaluation of the total decaj' component can be obtained from the 
following intensity balance If Z is the mtcnsity of the decay component at 
sea level and if Z' = 7Z is the same quantity at 2000 m above sea level, 
then it follows that 

Z = ayZ -f AZ (3) 

where « is the fraction which penetiates the intei mediate layer of air, and 


Z = 


AZ 

1 — erf 


(4) 


According to a calculation by Cacciapuoti (C 1) and measurements by 
Coccom and Tongiorgi (C 5), 7 has a value between 1 5 and 2. For the 
transparency of an air laj^er of 2000 m , 01 5.2 radiation units of thickness, 
our calculation (Bopp (B 30)) gives a = 0 3 and the contribution of the 
decay elections amounts to 

Z/d/ = 10 6 ± 10 5% (5) 

The expected value thus lies w ithin the statistical fluctuations 

The real uncertain tv of the value is still greater than these fluctuations 
on account of the uncertainty in the approximations of the corrections 
Probablj’ the influence of the sidewiije shower .s is still underestimated, since 
the measurements by Bemaidmi, Cacciapuoti, Feiietti, Picciom, and Wick 
were made m ith only 3-fold coincidences But a change in the other direc- 
tion cannot be mled out. In the latter case the Z and W components 
would not sufflee to make up all of the particles of the soft component, 
and there must still be an appreciable primary residual R at sea level. 

The observations of Wick and his collaboratoi's, which were said to show 
qualitative proof of the existence of an appreciable R-component, are. 
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on the basis of the foregoing remarks, no longer unconditionally conclusive 
In the fimt place the fact that the Rossi curve taken at Cervinia under 
170 g/cm “ ot eaith still shows a pionounced maximum can be explained, 
at least paitially, by the unabsoibed fiaction of the ilecay electrons In 
the second place, the rapid use with height of intensity of the soft compo- 
nent lelativc to that expected foi the decav elections can be tied up ivith the 
sidewise showeis Only the nieasuiements by Cocconi and Tongioigi (C 5) 
give lesults fiee from objections and showing a contiibution of the R-com- 
ponent at sea level 'I'hese jneasniemeiifs show a dceiease of the lelative 
contribution of the soft coiniioiient with mcieasiiig /enith angle at both 
120 m and 2200 m abo\e sea le\el, wlieieas the 11’ and 7j components 
must lemaiii constant 'The \aliie of G 7f,'( coiuputi'd fioni their measure- 
ments for the R-conii)oiiciit is m agieemeut with I'iulei’s estimates (E 6) 
In summaiizmg, it can be stated that the foiegomg actual dcteimina- 
tions of the Z-component do not contiadict the \ allies to be expected fiom 
the decay peiiod of the meson Yet the piecision ol measurement is so 
low that the presence of an appieciable contnbution fiom primary electrons 
cannot be excluded, even at sea level. A diiect determination of the 
pnmary residue is m agieement with the estimate of its intensity based 
upon the frequency of the large Hoffmann bumts As the most probable 
values of the vanous contiibutions, we mav wiito 

ZIM = 18%, WIM = 5%, mu = 6%. 

The first value can very well be too high. 


( 6 ) 




10. THEORY OF THE MESON 

Bv C F V. Wbizsacker, Strasbourg 

1. Fundamentals 

It IS well known that as caily as 1935 Yukawa (Y 2-6) postulated from 
nuclear physical considerations the existence of a particle which would have 
the same properties as those which now, on the basis of expeiiments, 
we ascribe to the meson Foi the theoietical dcsciiption of the meson we 
Avill, therefore, begin with Yukaw'a, and to this end we review briefly the 
status of nuclear physics as it was befoie Yukawa’s theory 

The atomic nuclei, which consist only of protons and neutrons, can emit 
either electrons or positrons by /3-dcca3' In older to claiify these facts 
the following elementaiy pioccss is postulated A neutron can transform 
itself, under suitable cnergv assumptions, into a proton and an electron, 
and conversely a pioton can be transfonned into a neution and a position 
As a consequence of this piocess theie should exist, accoiding to IIei.sen- 
beig, “exchange foiccs” between piotons and neutrons II a neution m 
free space is tiansfoimcd into a pioton and an election, then the election 
can eithei go off into fiee space or unite again with the pioton to form a 
neution, but if theie should be anothei pioton in the vicinity ot the oiiginal 
neutron, this can unite with the election to foim a neutron Then, m this 
process, the original neution becomes a pioton, and the pioton becomes a 
neution With this exchange of chaige theie must be as.sociated a foicc 
field between the proton and the neution This is peihaps easiest to see it 
one thinks of the wave picture ot the exchange election rathei than of the 
corpuscular It can then be said the neution in its tiansfoimation excites 
a field, namely, the ^-function ot the election, which now acts upon the 
neighboring pioton The most important qualitative distinction between 
this eflect and the electromagnetic mtciaction ot two chaiged paiticles 
consists m the iact that the interchange ol chaige behaves, as can be shown, 
in such a mannei that the nuclear forces have the empiiicallv lequiiecl 
property of saturation 

This hypothesis was developed into a quantitative thcoiy bv Feimi in 
his theory of /8-decay. Fermi assumed, as did Pauli m an older theory, 
that m |3-decay there is emitted simultaneously with the electron an un- 
charged particle, called the “neutrino,” which has the spin l/2ft and obeys 
Fermi-statistics In this manner he provided for the conseiwation of 
energj', angulai momentum, and statistics in the decav process Likewise, 
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the jS-decay process became amenable to quantum mechanical calculations 
The field of the light weight particle, that is, the wave functions of the 
electron and neutrino, likewise gave a calculable interaction between the 
proton and neutron 

Unfortunately, how cvei , this mteiaetion w as too small by a iactoi ot the 
Older of magnitude 10'" Thi.s was not basically suipiising because the 
postulated elemental y pioccss of j8-dccav is an e\tremelv improbable 
process when thought ot in teims oi normal mu'lcar phenomena The 
shortest known decaj' pciiod ot anv /3-iadiatoi i^ ot the older ot one second, 
that is, about 10"“ tunes longer than the time which a particle normally 
requires to traverse the nucleus It is undei standahle that such a rare 
process should not result in an appreciable intei action 

In Older to avoid these difficulties Yukawa letained the assumption of a 
special field lor the nucleai toices but gave up the identification of the 
/3-elections with the particles associated with this field Furtheimoie, he 
tried to fix up the properties ot the field in such a way that they would 
yield the correct cmpiiical values ot the nuclear foices Now, however, 
the /3-decay remained unexplained Hence Yukawa introduced the addi- 
tional hypothesis that the “Quant” of the nuclear field, which we now call 
the meson, is itself unstable as logauls disintegration into an election and a 
neutrino In this wav a new constant of natuie was bi ought in, namely 
the decay constant of the meson, which could be so chosen that the oidei 
of magnitude of the /3-decav period would come out light For review we 
list together the various processes, accoiding to both theories, and designate 
the various particles as follow's P = proton, N = neution, n = meson, 
e = electron, v = neutrino 



1 

Ki:kmi I 

! 

Yukawa 


f Initial state 

AT + P 

ff + P 

Exchange Force 

1 Intcimediate state 

P + e + V + 1‘ 

P +ii + P 


[ Final fltatc 

P + \ 

P + N 


Initial state 

N 

N 

^-deca> 1 

Intel mediate state 

— 

P +11 


, Final state 

P P V 

P +e + v 


Since, accoiding to Yukawa, the ;8-deeay is a double process (1. creation of a 
meson, 2. decay of the meson) its small probability is conceivable without 
too extreme assumptions regardmg the value of the meson decay period. 

We still have to consider the question of the charge of the meson Since 
m /3-decay not only electrons but also positrons can be produced, there 
must be both positively and negatively charged mesons, as is also confirmed 
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by the experiments with cosmic rays To clarify nuclear forces one must 
also apparently postulate the existence of neutral mesons, for it is well 
kno^vn that the same force exists between two protons or between two neu- 
trons as that between a pioton and a neutron If there were only charged 
mesons, the force between two protons could be explained only by a double 
exchange, m which each pioton emits a meson and then absorbs the meson 
emitted by the other proton In the usual approximate calculation of 
this kind of force field, any process is lepresented by an approximation of 
the same oi dei as the numbei of elementary processes of which it may be 
thought to be composed; if the ealculation is to converge, this double 
exchange pioccss should take place less fiequently than the single one and 
the empirical chaigc-independence of nuclear forces would be unexplained 
Howevei , we will show, a little further in the discussion, that the approxi- 
mate calculations mentioned di vci ge and the conclusion is not assui ed Y et 
it still remains lemarkable that two essentially different processes should 
lead to exactly the same force On the other hand, if one assumes the exis- 
tence of neutral mesons these can lead natuially to a force between similar 
particles by a simple exchange a pioton emits a neutral meson and remains 
a proton — ’another proton absorbs the neutial meson 
The simplest assumption for the theory of nuclear forces would be that 
there aie no charged but only neutial mesons Thus the force between a 
proton and a neution can be supplied by a neutial meson; the lack of 
dependence of nuclear forces on chaige can be most simply explained if 
the carriers of the force field have no charge (“neutral theory”). Another 
possibility (“symmetiic theoiy”) is to ascribe to each particle an equal 
probability for the emission of chaiged and neutral mesons and then to 
choose the sign of the exchange cnergj'^ so that, by suitable superposition of 
effects of the vaiious kinds of mesons, the charge independence will again 
come out The neutial thcorj'', howevei, contradicts Yukawa’s basic 
assumption since ii again iclinquishcs the connection between ;3-decay and 
cosmic radiation Howevei , we will partially develop this theory in what 
follows as the simplest model of a meson theoi v fiom which the s^^nmetrical 
theory depai ts in only a few additional details 


2. Scalar Theory 

In Older to come to quantitative statements, an assumption must be 
made about the field equations satisfied by the field of the nuclear forces 
As the simplest equation we may consider the usual wave equation: 
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This equation must be valid in empty space, that is, in a space which con- 
tains only the nuclear field (oi in other woi ds only mesons) but, especially, 
no protons oi neutions, since these aie sources of the nuclear field. If one 
extends the equation in the manner in which we develop it below in section 
3, bv equations which dc’^enbe the mteraction of mesons with protons and 
neutrons, then the field mtensitj’ U turns out to be the potential of the 
exchange foices pioduced by the mesons 
The sphciically symmetiical .solution of equation (1) with a singularity 
at the oiigin, which, theicfoie, should represent the nuclear field around a 
proton or neuti on, is the well known Coulomb potential 


This potential, however, cannot be the right one smee all characteristic 
propel ties of the nucleus (satuiation, validity of the Coulomb law up to the 
nuclear boundary) show that the nucleai force falls off lapidly with distance. 
Equation (1) must, therefoie, be altered As the simplest alteration 
Yukawa chose the addition of a term proportional to U 


This equation has, as one can easilj' verify by substitution, the spherically 
symmetnc .solution 



wheie g is an arbitrarj’^ constant This potential law now has the desired 
property of short range The experiments require that 

= 2 • 10"* 'em (5) 

What significance does tins have for the physical pioperties of the nucleus’ 
In answer to this question we consider the particles associated with the 
field U Equation (3) can be regaided as the relativistic Schi'odinger 
equation (Klein-Gordon-equation) of the meson If one m ntes the relativ- 
istic relation between energy and impulse in the form 


—p‘ + ~ = 0 , ( 6 ) 

and then replaces p and E, in accordance with the quantum mechanical 
h Ad* 

prescription, by - grad and — , respectively, and divides by /!*, and 

t t at 
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applies the operator thus formed to U, one obtains precisely the equation 
(3), where now 



Since n is the lest mass ot the particle consideied, is the Compton wave 
length of the meson From (5) it follows that 

/i = 200 electron masses. (8) 

a prediction which was conhimed by obsei-vations on the cosmic rays 
Nevertheless, the theory in the foregomg form still cannot be nght. The 
experiments shoiv, for example, that the potential depends strongly upon 
the relative spin orientation of the nuclear particles A theory like the 
foregomg, which has only a scalar field intensity, cannot represent its 
directional dependence We, therefore, present all available details of 
the vectorial form of the theorv which is the most complete, at present 


3. Vectorial Theory 

The constant changing over fiom one arbitrarily chosen wave equation 
to another might give use to the impicssion that the theoiy consists only 
of ad hoc assumptions and contam-s exactlv as many hypotheses as there 
are experimental tacts to be explained Foi such reasons, in fact, the theory 
at firat received little attention, and it was all the moie surpiising when its 
fundamental concepts weie biilliantly confiimed by cosmic ray experiments 
In this regard we can thiow some light on the situation by the remaik that 
the freedom of choice of arbitral y wave equations is veiy much less than 
would at hi st appear If the number of space components which the wave 
functions should have is established, then the vanoiis invariance lequire- 
ments which the equation must satisfy allow only a very resti icted choice 
of possibilities 

From the nature of the spm dependence of the nuclear forces, it follows 
that the field intensity must be at least a four-vector Spin dependence 
of an exchange force means that in many cases not only the charge but also 
the spin ot the pioton and neution arc exchanged Thus, if, foi example, a 
neutron ot spin -b 1/2/i transforms itself into a proton and a meson, it 
must be possible that the proton remains with the spm —l/2tr, from the 
law for the conservation of angular momentum it follows that the meson 
must carry the spin -t- Ih. Since the exchange interaction is provided 
essentially by mesons for which the orbital momentum is zero the meson 
must have an actual spin of lA, analogous to the light quantum. A par- 
ticle of this kind requir&s for its description m the wave picture at least a 
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four vector to represent the field intensity (in the case of the light quantum 
this four vector is formed by the scalar and the vector potential) The 
analogy of the meson to the light quantum become'^ still closer if one con- 
siders that the meson must have Bose-statistics in order that, in the conver- 
sion of the neutron into a pioton and a meson, the statistical behavior re- 
mains unchanged 

We now choose fiom among the small numbci of possible equations 
which represent a meson of spin 1 the one which has the closest analogy to 
the Maxwell theoiy of light (Pi oca (P 7)) The meson field is described 
by four field components ipi, which together foim a four vector 

In analogy to the Maxwellian field we designate these as potentials and 
write (according to Bethe (B 13) and Jensen (J 5)) 

= 9ti i 

j a = 1,2,3) (9) 

I 

in which S( cori'esponds to the vector potential, and $ to the scalar potential 
Confusion with the real electromagnetic field is not to be feared, for it never 
enters into our consideration We fuithei define (in the notation of Froh- 
lich, Heitler and Kemmer (F 4)) six quantities (greek indices run from 
1 to 4, latm indices fiom 1 to 3) conesponding to the anti-symmetric tensor 
of the electiic and magnetic field strength: 


X.*, = Xa. = 0, I 

Xu = {k ^ I ^ m) Xad = _ X/>. • J 


( 10 ) 


The connection between x and tp is given by the defining equation. 

_ §}£e. _ 

a.T. dxp 

or, written out: 

« J* 1 

® = -grad$-^, 

^ = curl 8, 

from which follow the first two Maxwetlian equations 


( 11 ) 


( 12 ) 


div$ = 0. 


( 13 ) 
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In place of the other Maxwellian equations we write 

(H, 

or, written out 

div (S + = 0, 

. ^ a® . ■>«, « 

curl $ — + *'Sl = 0 

C vt 

These equations differ from the Maxwelhan by the term m It may be 
remarked on the side that in this theory the Lorentz convention. 

lesults immediately by differentiation of equation (14) with respect to x/> 
The physical meaning of the x^-tenn becomes most apparent if one substi- 
tutes for m (14) from (11) and takes account of (16) 


A4> - -I $ 
c 


= 0 , 


A?( - ^ ?r - k“?i = 0 J 

That is, the Klein-Goidon equation holds for each of the four field compo- 
nents individually, and the k* term expresses, as m the scalar theoiy, the 
existence of a rest mass of the meson. 

The analogy with the theory of light is complete if one stipulates that 
all field components are real Then the theory describes a single kind of 
particle and becomes adapted to the representation of neutral mesons 
However, if (p and x aie allowed to be complex, and if along with equations 
(11) and (14) the conjugate complex quantities are included. 


_ = 




then one has to a certain extent two independent sets of wave function.s 
<p and <p* and any Imear combinations. The expiession con’esponding to 
the space density is then, as in the Klem-Goidon equation, no longei 
uniquely defined, and in this feature one can see, as Pauli and Weisskopf 
(P 1) have shown, a description of the mission of two kinds of particles 
with opposite charge The complex theory, therefore, repi-esents charged 
mesons 




Theory of the Meson 


105 


4. Interaction with Nuclear Matter 

The above equations repiesent the behavior of mesons in vacuum. For 
the treatment of their interaction with matter let us again start out from 
the analogy to the Maxtvellian theorj-. Just as above, we constructed a 
“classical” theoiy of the me.son field, that is, ive oveilooked the fact that the 
field intensities <p and x are not oidinary numbeis but are operators, so now 
we treat the mtei action only in the classical appioximation, at a later stage 
m the discussion the mheient (laigc) eiioi-s w ill he mentioned At hrat the 
argument is limited to ncutial mesoas 
The electromagnetic field excited bv a chaige density p and a cm rent 
density i may be calculated if one puts on the nght side of (14) the four- 
vector with the components 4irp, 4iri/c In the same ivay we should like 
to calculate the meson field excited by nuclear pai tides Thus we make p 
pioportional to the density expression is the wave function of the 

nuclear particles), and t/c piopoitional to the associated cuiicnt cxpiession 
The pioportionality factor g, having the dimensions of a charge, 
measures the sticngth of the meson-exciti'd mtciaction between nuclear 
particles and meson field, ju«t a.s m the radiation thcoiy the olemcntaiy 
charge e measuies flic in tei action of matter and ladiation (jAs a fuither 
factor foi charged mesons an opeiatoi Q comes m which, foi example in the 
excitation of a negative meson, changes the wave function of a neutron into 
that of a pioton) 

Smee the foices aie to be essentially dependent on spm, this statement, 
which is exactly analogous to the field excitation by purely electrical 
charges, is not at all satisfactoiy'. However, we aie free to add to equation 
(11) a six-vectoi which coriesponds to the effect of a magnetic dipole (and 
an imaginaiy electiical dipole). The way m winch a tensor of this kmd is 
to be built up from wave functions by means of Dirac-matrices a, j3 and a, 
is showm by the following foimulae. Into these comes naturally a new pro- 
portionality factor / wdth the dimensions of a charge. Finally these equa- 
tions read as follows 

div (g -1- = 4irp, p = 94^ 4', 

curl ^ + ic''?! = 4jr j, ^ 

C vt C C 

(£ -h grad 9 -f- = —9?, 91 = 

C Ql K 
$ — curl ?t = 
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The reciprocal length k must enter in the denommator of the last two equa- 
tions in order that the factor //« may have the dimensions of a dipole mo- 
ment In the limiting case of the radiation theoiy, not only k but also//* 
are equal to zero 

We now limit ourselves to non-relativistic effects for the heavy particles, 
1 e , to effects m which the matrix a, pioportional to v/c, may be neglected 
Then i and disappear and, analogous to (17), we obtain 


^ = ~4irp, 

c 

ASf - 4 SI - = —curl g». 

C K 


(19) 


If a density distnbution p(r) and a momentum distribution 9)?(r) of the 
nuclear particles are assigned, one can solve the equations (19) analogously 
to the electrostatic case and obtain for the field distribution: 


$(r) = j > 


_p(tO_ g-. II t-t' n _ 2g-« 
r - r' I r 


SI(r) = 


= -- j II '-t' n ^ _L 


dr' r - 

r — r' 


curl(0 


( 20 ) 


Heie the approximations given bv the expressions at the extieme right refer 
to distances r fiom the exciting nuclear paiticle, which are large compared 
with the space in which p and SlU diffei appreciably from zero Furthermore, 
the mean moment vectoi of the nuclcai paiticle is 

0 = ^ dr’ = fyl>* ^ dr' (21) 

If we now seek the force which a nucleai particle exerts on another nuclear 
particle by means of the meson field, m the statistical approximation to 
which we hcie confine oui selves we can eliminate the meson field entirely 
and reckon onlv w'lth a potential eneigv dependent upon the position and 
spin of the heavy pai tides In oidei to calculate this we first need the 
expression foi the intei action enei’gj'^ between nucleai particles and the 
matter-field It can be derived in a fashion exactly analogous to the pro- 
cedure m the Maxwellian Theoiy (d Bethe) and is given by 

H = f dr|p$ - i(ia) + -(2K©) - i(9l@)}. (22) 

we skip over the derivation; the two terms important for our purposes are 
self explanatory, the first term of the mtegrand p$ (i.e. the energy density) 
by electrostatic and the third term I/k^WI^) by magnetostatic analogy 
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If a field @ 1,^1 excited by particle 1 acts upon a particle 2, then, (if r = 

1 1, - r, I ) 

Spot = ^ 6-" + i (gn.$,(t.)), (23) 

in which 

§.(r0 = ^ a)l.(r,) - curl a,(t,) (24) 


Expanding (24) we finally get 



= f/+ Fi 

+ V,, 




U 

e“" 

~ 9iffi j. » 






2 




■ (26) 

V, 






V, 


i)("^ 

(iivKiix) 

+ (0.8O) ^ 


This potential has one veiy disadvantageous 

piopeitv 

The expression 


contains terms which at r = 0 divcige like 1/r'* and l/>^ Whereas a diverg- 
ence like 1 /) (Coulomb field) is well known to present no difficulties quantum 
mechanically, no stationaiy states exist m a potential which divciges more 
stiongly than 1//^ The reason foi this can be easily explained on the basis 
of the mdeteimination pimciplc It a paiticle im ic^'incted by means of a 
potential to a space of appioximate diametei >, then it possesses an unde- 
termined momentum of the oidei of magnitude h/r and hence a kinetic 
eneigy whichispiopoitional to l/r" If now as t becomes smallci the poten- 
tial energy increases less lapidlv than l/r‘, then there must be a value ol / at 
which the kinetic eneigy exceeds the potential eiieigy, thus, if the paiticle 
were to be limited to a still sinallci space, it could nol be held by the 
potential This ciitical value ot i give'- appioxiinately the extension ot the 
wave function in the lowest stationaiv state It the potential eneigy in- 
creases more rapidly than 1//', it gets laigei and laigei in compaiison with 
the kinetic eneigy as the distance is leduced, thus the particles must 
appioach one another closer and closei without limit (with ladiatioii of 
the kinetic energy acquired by acceleration), and theie exists, m general, 
no lowest stationaiy state. The empirical existence of nuclei with a fixed 
radius, therefore, shows that (25) cannot represent the correct potential. 

This difficulty is not accidental Furthermore, it is bound up with the 
fimdamental problem of anv theory’ of this kind, as we remark at the end 
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of the chapter. Many times, however, one has had the hope that the results 
of the theory would be nght for sufficiently great particle distances, and 
in the hope of a futuie rectification of the process the potential has been 
cut off at a definite small distance. The consequences of a piocess of this 
kind aie treated m following chapter by Flugge. 

We now evaluate the absolute magnitude of the foice constant k has 
already been determined m Section 2 from the range of the nuclear forces. 
g and/ must follow from the strength of the nuclear foices The determina- 
tion is admittedly very maccurate, smce, with the divergmg potential, one 
can get any value he pleases foi the binding energy of the atomic nucleus, 
regal dless of the value of the foice constant; it is required only to make a 
suitable choice of the radius at which the potential is cut off The determi- 
nation becomes pos.sible, however, if one also takes account of the size of 
the nucleus If, for example, a vciy small foice constant is chosen, then it is 
necessaiy to go to veiy small ladii to obtam sufficient bmding The 
eigenfunctions of the particles bound by this force will differ fiom zcio only 
over distances of the order of magnitude of this small cut-off radius. It is, 
theiefoie, necessary to demand that the cut-off ladius be not much smallei 
than the radius of a light weight nucleus; m this way a condition is placed 
upon g and / In the special case where it is assumed that g = 0 (Flugge 
remarks on this hvpothesis of Bethe’s m Chapt 11) it lesults that 

£- 0 08 (26) 

/ is then about tliiec times gieater than tlic elementarv electric charge 
e (eync = 0 0073) 


5. Theory of /3-decay 

The theoiy of |9-decay is mipoi taut becau.se it provides a means of calcu- 
lating from the obsen^ed penods oi ;3-decay the mean life of the meson 
which can then be coinpaied with the lesiilts obtained from cosmic ray 
expenments The fundamentals ol the calculation me outlined below ac- 
cording to the method of Bethe and Xoidheiin (B 18) 

The intei action of the meson nith light-weight particles (electrons and 
neutrinos) can be dealt with m a inaimci analogous to the treatment of 
their mteraction with heavy particles (piotoiis and neutrcns) In /S-decay 
a meson is emitted from the heavy particle by a process in which a neutron 
disappears and simultaneously a proton is cieated; then similarly this 
meson is absoibed by the light-weight particles with the creation of an 
electron and a neutrino Fonnally, the analogy can be made even closer 
If the neutrino is treated by the Diiac equation, then, just as the positron 
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is related to the electron, so there is a counterpart to the neutrino called the 
antineutnno Just as the creation of a positron is described as the disap- 
pearance of an election of negative energj', so also the creation of the anti- 
neutrino IS leprcRcnted as the cancellation of a neutrino Because of the 
symmetry of emi.ssion and absorption the same intoi action which allow.? for 
the simultaneous cieation of a neutnno and an electron can also allow for 
their simultaneous disappeaiance The lattei is equivalent to the creation 
of an antineutnno and a positron This is the way the positron decay is 
described in the Feimi thooiy of ^-dccixy Now, moreover, we liave a 
free hand in deciding vluch of the two kinds of neutrinos shall be de.sig- 
nated the neutrino and which the antineutnno, and it has been agiced to 
call the particle created simultaneously with the positron the neutimo 
It may be noted that, fomially, the numbci of light-weight pai tides lemains 
constant' when a neutimo appeals, an electron of negative enei'gy disap- 
pears; when an election appeals, a neutimo of negative cneigy disappears 
d-decaj' can then be brieflj’^ desciibed as follows A neution is converted 
into a proton with the emission of a meson, and a neutnno of negative 
energy is converted mto an electron with the absorption of the same meson. 

This ability of the light-weight particles to emit and absoib mesons is 
taken into account, in equation (18), by adding to the dcnsity-cuiient 
vectois p, 1 and to the momentum ten.soi.s 'Jl, 9)1 which were excited by 
the heavy pai tides, similai quantities ai ismg 1 1 om the hght-w’eight particles. 
The charge must also be taken into account and w'e wnte 

p. = aQ.'f'. I 

i (27a) 

9)1, = aQ.i'- 91, = aQ.^. J 


Here Q is an operator which traasfoiras the eigenfunction of a neutron 
into that of a proton and visa veisa In exact analogy we write for the 
light-weight particles whose wave function may be designated by x 

Pi = Gx*QiX, b = cGx* aQiX ] 

(27b) 

2)1, = Fx*fi^QiX^ 21, = tFx*paQx- J 


F and G are new constants which measure the decay probability of the 
meson. The expressions which went into equation (18) are now to be 
replaced by the sum of the corresponding expressions from (26) and (27): 

p = P. + Pi etc. (27c) 


If, on the one hand, we work out tiie mean life of a free meson, which is 
approximately known from the cosmic rays, and, on the other hand, we 
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derive the mean life of a familiar /9-radiator, we will obtain two independent 
predictions of the constants F and G‘, in this way we can test the theory. 

One of the solutions of equation (12) and (15) corresponds to a plane 
wave m the theory of light and represents the free meson With this and 
with the wave functions of the free electron and of the antineutrino, the 
matnx element of the potential energy (22) can be evaluated, corre- 
sponding to the transition from the free meson to the electron and anti- 
neutrino; from this one gets the decay period of the free meson according 
to the well known foimula 

- = T I IV. (28) 


where a ls the number of possible final states per energy interval 
becomes 


1 = 

T„ tt \3 Tic 3 tic) 


This 


(29) 


The /3-decay ot a neutron m a nucleus is calculated like the exchange 
force in the preceding section, with the only exception that now the mesons 
emitted by the heavy particles are absorbed by the light-weight ones. In 
the Hamiltonian function (22) the symmetncal form Kp*^i + Pi^.) is to 
be substituted for p#, and similar procedures are to be used for the other 
terms; here is the meson field excited by the heavy particles, and 
is that excited by the light-weight particles If we agam neglect i. and 
9?„ a formula exactly analogous to (25) is obtained (except that now the 
assumption is not made as it was there that the density distribution ot the 
two kinds of particles is nearly in the form of a pomt, and hence the spatial 
integration is not earned out) 


H = JJ ^-^p,pidT,dT, -|- 

+ // ^[|(a«.a)l,) _ (gjj.gK,)| |- (30) 


Since the wave length of the created light-weight particle is large com- 
pared with the nuclear dimensions, or the region witiun which p, and 9)2, 
differ appreciably from zero, it is permissible to replace the wave functions 
of the light-weight particles by constant values x. and x»- With 
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it follows that 

^ ~ ~P I 1 + |//'’(Xr/3 ffl^iv)}dT (32) 

The hist term of the integrand is the exact equivalent of Feimi’s hypothe- 
sis; only by the appearance ol two constants g and G is it evident that in the 
process two ti ansition prababilities ai e involved The second term effects a 
iS-transition in nhich the spm of the heavy paiticle can flop over in the 
mannei discussed by Gamov and Teller (G 1) 

We compare the thcoiy with cxpeimienl The systematization ot the 
/3-decay of light nuclei (Gronblom (G 10)) rcquiies that spm reversals 
take place m /3-dccay In particular, the simplest well known fl-radiator 
He® cannot decay without spin icvei.sal since we have to ascribe the spin 0 
to He® and the spm 1 to the pioduct nucleus Li® Moieovcr, a spin icversal 
m a transition foi bidden in the hist appioximation is also possible with the 
puiely Feimi interaction, it the light-weight pai tides have an oibital mo- 
mentum However, the decay of the He® is too lapid to wan ant its being 
regarded as ioi bidden At anv rate, wc shall not obtain too short a decay 
period of the meson it wo tioat the constant F as though it alone weie 
lesponsiblc foi the decai ot He" ((? = 0) and likewise treat the constant/ 
as though it uloiie weie lespoiisible toi the nucleai iorces {g = 0, cf the 
piecedmg section) and lutioducc these constants into equation (29) Thus 
it follows that F'/f/c == lO''" and t„ = 10 '' sec This is to be compared 
w ith the value t^ — 1 to 2 10'" sec deteimined tiom the cosmic radiation 

The agieement of the two numbei'' is lafliei pooi but perhaps better 
than would be obtained by puic accident Let us pictuie to oui selves, 
quahtativol}'^, the meaning ot the abo\ o calculation 'Phe noimal ;3-radiatore 
have decay peiiods which extend down only to \ allies of the order ot a few 
seconds The decay period of the meson in the thcoiy of Yukaw^a must be 
shorter foi two reasons Fust, the meson dccavs immediately whereas a 
jS-radiator has hist to excite a meson which then decays. (Since the mass 
of the meson is so gieat that its excitation is not possible, consistent with 
the law for the consei vation ot eneigy, it can obviously be excited only to a 
virtual intermediate state, m othei wokK, each I'xcitation can last foi such a 
short peiiod ot time that the eneigj'^ ol the system can be determined, 
according to the i elation ot the mdctcimmaci ininciplc AE At > ti 
only to an accuiacy of the oidci of the lest eneigy of the meson) The fact 
that f^/Ticis of the older of magnitude 1/10, hence not much smaller than 1, 
means, moreover, that the meson is excited veiy frequently; hence this 
reason for a shorter decay period of the meson is not very important. The 
second reason lies m the large rest mass of the meson which gives the light- 
weight particles a disintegration energy of nearly 100 million volts There 
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IS the well known Sargent relation between eneigy and decay period of the 
j3-radiator, according to which a nucleus giving a (8-iay of this energy, 
should have a decay penod of the oidei of that found for the meson The 
Yukawa arrangement of the meson m the seiies of ;3-radiators is, theiefore, 
consistent with the experiments withm the limits of accuiac}’’ ivith which 
the Sargent relation can be extiapolated to such high encigies 
The above calculation is m a sense an attempt to carry out this extrapola- 
tion quantitativelj’ on the basis of the thcoictical intcipretation which 
Fermi has alicady given to the Saigent lelation In view of the factoi 100 
which separates the two values of t^, this attempt is legardcd as unsuccess- 
ful. The Yukawa theoiy in this application, as well as in the case of 
nuclear forces, is thus apparently in qualitative agieement with experi- 
ments, but, in its present foim, it is unsuited to ciuantitative deductions 


6. Scattering of Mesons on Nuclear Particles 

For the undei standing of the passage of mesons thiough the atmosphere 
it is impoitant to decide how stiongly they are scattered If no foices act 
between the meson and election othei than those considered in the section 
on jS-decay, the scattenng on electrons can be neglected (cf also Section 7 
and the 7th Chaptei on buist excitation by mesons) The scattenng on 
nuclear particles can be accurately calculated fiom tlie theory just as the 
scattenng of light by electrons is calculated One obtains for the effective 
cross-section of scattering 

Q = const (33) 

where p is the momentum and E is the energy of the meson. The constant 
is independent of the pioton mass and larger than can be reconciled with 
the experiments The expression differs from the effective cross-section 
for the scattenng of light quanta on electrons m that it finally increases 
quadratically with mcreasmg energy and that it has a finite value, even for 
infinitely heavy protons, because of its mdependence of the proton mass 
The lattei is verj"^ surprising when it is recalled that the scattermg take.s 
place only by the sympathetic vibration of the scatteiing particle undei 
the mfluence of the incident wave, and hence should vanish with mfanite 
inertia of the scattermg particle 

The explanation, according to Heisenberg (H 2), hes in the fact that it is 
not the center of mass of the proton which gives rise, by its vibrations, to 
the scattering, but rather the two inertiarless degrees of freedom, namely the 
spin and the “charge coordinate” (the freedom to be either a proton or a 
neutron) The .scattering, therefore, comes in through the /-terms which 
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do not appear in electrodynamics. Now the calculated scattering is cer- 
tainly not to be reconciled mth the experiments, and we, therefore, have a 
third proof of the breakdown of the theory in answering quantitative 
question."! We now turn to the fundamental difficulties concealed in these 
failures 

7. Discussion of the Difficulties 

The difficulty of the divoigence of the potential at small distances, like 
that of the laige scattciing cioss-scctioii, can be suinmanzed in the state- 
ment The theoiy breaks down if mesons of too laige a momentum are 
involved Now, the exchange mtciaction lietueen two licavy particles at a 
given separation ? is pioduoed essentially bv mesons with wave length of 
the oidei of r and w ith momentum of the oulei li '> The difficulties, there- 
fore, mean that tlie theoiy bieaks down foi a ccitain high momentum or, 
wliat amounts to the same thing, foi a ccitam small distance 

However, a theoiy can be foimulated, as Moller and Roscnfeld (M 5) 
have showm, thiough the use ol additional field quantities with other 
relativistic tiansfoimation piopeities, in which the diveigcnt potential 
terms do not enter Thcie aie otliei decii-bcatcd diveigencc difficulties, 
wluch remain even in this foimiilation ol the theory and lender it of 
questionable x'aluc foi giving the desned le&ult Those diveigences icsult 
if one goes ovei fiom the classical pioximation theoiy, which we haye 
thusfar piesented, to a iigoious quantum theoielieal calculation 

The piesentation of the theoiv given above tieats the meson as a field 
propagated continuously in .space. It, theiefoie, deviates completely from 
the fundamental experimental fact tliat the meson appears m reality as a 
single particle Accoidmg to the geneial lulcs of the quantum theoiy, the 
paiticle piopeities of mattei aie taken into account if one stmts out with 
the wave pictuie by treating the field quantities not as ordinal v numbere 
but as opciatois The peitment mathematical formalities wall not be 
presented hcie, but we will attempt to describe intuitively the most im- 
portant of its consequences In the quantum theory it is customaiy to 
start out with the field equations m empty apace, just as we did above in 
the classical theory, and then to introduce the teims wffiich give the inter- 
actions between the vai ious kinds of pai tides as pei turbations The results 
of the calculations, for example foi the potential of the exchange forces, 
have the foiin of a powei senes in tlie mtciaction constants g and /, of 
which the first term is that calculated above The higher order terms, how- 
ever, are by no means small In the first place, the dimensionless constant 
f/he, which functions here as the parameter for the expansion, analogous 
to the fine structure constant of electrodynamics, is not very small com- 
pared to unity And, secondly, the coefficients of the higher order terms. 
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analogous to the self-energy teims in electrodjrnamics, are large and in 
some cases infinite 

What physical piocesses correspond to the higher order terms of the 
expansion‘s In the case of the exchange forces the first teim is the interac- 
tion through uhich one meson is emitted and absoibed, the second term 
aiises fiom the simultaneouh emission and leabsoiption of two mesons, etc 
The failuie oi the expansion to conveige, therefore, means that m the pio- 
cess consideied many mesons are frequently created m one elemental v act 
Heisenbeig (H 2) has shown that this takes place as soon as vciy small 
distances (of the older of l/k), oi high momenta, come into play Now tlieio 
IS the question whether this kind of “explosive showci” is actually to be 
expected m nature Fiom the theoretical standpoint two opposite I'lews 
have been advanced Evidently the thcoiy cannot be right as long as 
diveigeiit temis appeal m it Since the multiple piocesses desenbed are 
associated with the divergent cxpiessions, American authois, especially, 
have conjectuied as to a collect (but unknown) fonn of the theoiy which 
would contain no divergences and m which the multiple piocesses would 
notoccui 01 , at least, only with exti erne raiity This view, however, does 
not sa 3 ' hoiv the diveigences are to be made to disappeai, and Heisenberg 
IS of the contiaiy opinion, that the theoij" can free itself of the divergences 
only along the line of a collect description of the multiple processes It 
one knows that multiple pioces.sos occui predominantly, it is inconsistent 
with the tacts to stait out with a desciiption of the phenomenon m which 
the creation of each individual new' paiticle is regarded as a small peituiba- 
tion; it IS not to be wondered that divergences occur m this toimulation 

The exact meaning of the latter view? may be illustrated by an example 
Heisenberg has formulated the conditions foi the applicability of the present 
quantum theoij' m the process con.sidcied the momentum transferred in 
the coordinate system in which the centei ot mass of the physical structure 
m question is at lest must be less than juc (/i = mass of the meson), oi m any 
arbitrary cooidinate sj'stem the eneigi" tiansfei E and momentum transfei 
p must satisfy the condition 

P' “ (34) 

Otherwise theie would be a high piobability lor the simultaneous creation 
of many mesons, a situation w'hich is contraiy to the conditions for the 
applicability of the u.sual quantum theoretical methods (and also of the 
divergences occurring in them) On the other hand, Oppenheimer and 
Snyder have objected that in the special problem of the excitation of 
secondary electrons by mesons (cf Chapt 7 on the burst-excitation by 
mesons) the calculation must break down on this condition even for primary 
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energies of the meson of 10‘“ eV, whereas the interaction terms become large 
enough for one to expect a failuic of the appio.ximation only at 10** eV; 
the extension of the lange ot validity of the foimula up to 10** eV is in 
agreement with the expeiiments Oppcnheimei and Snyder are, therefore, 
of the opinion that it is not the appeal ancc ot small distances (or high 
momenta) but rather the amount of the intei action energy, which places 
the limit on the theoiies thus fai pioposed The icply to this, accoiding 
to Heisenbeig, is that the toimula mav well lemain valid up to lO'"* eV but 
that it will then no longei mean whal it meant in the sense ot the calcula- 
tions used in its deiivatioii nainelv, the iiiobabilit v that a meson excites 
one secondarv election and nothing moie It is moH' hkelv from the huge 
transfei of momentum that sc\ciat mesons will also he excited simultane- 
ously with the sceondaiy election This is I'xactlv analogous with the 
lesult of Bloch and Nordsieck (B 27), who have .show'n that the usual 
foimula for the Ruthcifoid scatteimg cioss-section of elections on chaiged 
particles docs not give the piobabihtA that the election will be scatteied 
and that nothing else wall happen, but lathm that the election wall be 
scattered and simultaneoiish a ceitain numbei ol light c)uanta wall be 
emitted 

All of these questions can lie decided onl\ it we possess a iiuaiititalive 
theoij' ot these piocesses An appioxiiiiation piocedurc pioposed by 
Heisenbeig foi then ticatment will not lie pi ('sent ed heic, Init w'c wall limit 
ourselves to a qualitative discussion ot the pievioush mentioned diffaeultu's 
trom the point of view cm rently adopted 

It is of no concern that, at small distances lioni the nucleai particle, the 
expiession foi the exchange loiee diveiges too stionglj" in the finst approxi- 
mation, calculated aboie, since the highei appioximations in that calcula- 
tion diverge much moic stiongly The attempt has been made to use the 
expiession foi the potential at laige distances and to cut it off at small dis- 
tances Howevei, the expiession so denied should have no quantitative 
significance since appaientlv theie is no expeiiment in which the potential 
can be tested at laigc distances indeijcndenl h' ol its bohavioi at small 
distances Foi the calculation of stationaiv states Ihis is sell evident, for, 
since, without the ciitofl, theie is no slationaii state, the po-sition ot the 
.stationaiy states depenrl enfiielj' upon the natuie ot the cutoff Moieover, 
collision expeiiments, eg, those in which the deflection ot a nucleai 
paiticle IS measuied when it pa.s.ses by anothei similar particle at a suffi- 
ciently large given distance, are fundamentally unsuited to this puipose, 
especially on account of the exponential drop of potential at great distances. 
If we w ish to be sure that the passing particle does not approach arbitrarily 
close to the other, we must localize it in space and thereby i enounce an 
arbitraiw precision in the knowledge ot its momentum It, howevei, the 
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change of momentum experienced by a particle in its passage, because of 
the exchange force, is less than the error thus imposed upon our origmal 
knowledge of the momentum, obviously no knowledge of the potential can 
be gained by this experiment 

We demonstrate this generalization by a rough calculation We allow 
one nuclear particle to flj'^ past another at a distance r. In order to be sure 
that it does not fly past at distance 0, its position in space must be known 
with an uncertainty Ag < r, and the uncci taintv m its momentum is 

\v>l m 

This relation applies to the momentum perpendicular to the direction of 
motion. In the direction of motion its velocity must be so great that during 
the collision time, that is, the time to travel the distance AB 


which is of the order r/v, the sidewise displacement, because of the uncer- 
tainty in momentum cited above, should remain smaller than r The un- 
known component of velocity perpendicular to the direction of motion is 
Ap/Jlf , and, therefore, it must follow that 


or 


Ap 

M 



( 36 ) 


Ap h_ 


v> ■^ = 


M Mr 


( 37 ) 


The momentum p transferred duiing the collision time is now to be com- 
pared with Ap It IS about equal to the avci age force acting during this 
time multiplied by the collision time, oi 


dU y_ _ g'Ke~''' 
dr V V 


( 38 ) 


where for the sake of simphcity the static potential U is introduced and L/i 
is neglected in comparison with in other words it is assumed that the 
collision distance is large compared to the Compton wavelength of the 
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meson at which distance this law of force begins to be in error. From (35) 
and (38) it follows that 


Ap ~ tie V 


Kre 


(39) 


In the lunitmg case of veiy laige distances, because of the exponential 
fall of potential, the momentum transfer is small compared with the uncer- 
tainty of the momentum The ratio is most favorable when r is nearly 
equal to 1/k In Older for p/Ap to become gi-eater than unity, since 
g */ tic ~ 1/10 we must have « ;< c/30 On the other hand, (37) requires that 


V 



Jl_ c_ 

Ji ~ 10 ’ 


(40) 


so that the two conditions for v aic mutually inconsistent in the most favor- 
able calculation. 

The conditions (37) and (39) may be combined in the condition 

^ » 1 (41) 

tic n 

Since we must postulate that g°//rc < 1 if the theoretical separation mto 
heavy particle and meson fields, from which vc -Ntarted out, is to have any 
sense, then the only way to have a measmablc field m an abstract thcoi’y 
would be to inciease the mass latio of proton and meson In this manner 
the actual impossibility of a classical meson thcoiv i.s tied up with the 
empincal fact that to measure the meson field these are no elcmcntarj' 
particles of greater rest mass than the proton 

What can now be conjectured about the natuic of the deviation.s of the 
actual force from that just calculated It would lie difficult to lepicsent 
the actual foice bv a potential dependent upon the coordinates of two par- 
ticles. The simultaneous cmLssion and ab.soiplioii of .several mesons, 
leading to the concctioii of the law of loice, must not be limited to iwo 
nuclear particles Foi example, if .seveial mesons (‘an be created from a 
single nuclear particle, tlic-'C will be absoibed bv several other nuclear 
particles This kind of pi oce.ss must lead to foi ces w hich depend upon the 
coordinates of seveial particles so that the loice between a proton and a 
neutron depends upon the simultaneous position ot all other neighboring 
nuclear pai tides The expeiimcnts of nucleai physics (for example the 
binding energy of /fe') pomt, in fact, m this direction, (cf. especially H. 
Primakoff and T. Hostein (P 8)) 

Another consequence of the strong interaction would be the existence of 
higher states of the proton and neutron in which the particle is doubly 
charged, triply charged, etc Wentzel (W 5) has .suggested this The 
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additional charge can be ascribed to the surrounding meson held. The 
experiments, to be sure, have not revealed this kind of structure. 

Finally, as Heisenberg has shown, the meson scattering on nuclear 
particles will be essentially reduced if account is taken of the fact that the 
two inertialess degrees of freedom of the nuclear particle have, in conse- 
quence of the virtual emission and reabsorption of mesons, a strong 
“self-held” which mvests their oscillations with an inertia in the same way 
that the electromagnetic self-held of a charge produces rest mass 




11. MESON THEORY OF THE DEUTERON 

B 3 ' S Fli-GGe, Berlin 

An attempt was made in 1940 by Bethe (B 13, 14) to aiiive at a quanti- 
tative formulation of the meson theory free from all objections. The basic 
idea of this attempt was the followmg: If the interaction force between two 
nuclear particles is produced by the meson field, then the empirically 
known measurable quantities, which are the consequence of this interaction, 
should also be representable quantitatively by the theory of the meson. 
Such measurable quantities m the systems resulting from two nuclear 
particles are: 

1. The mass defect of the deuteron m the ground state, or the binding 
energy between proton and neutron with parallel spins. 

2. The binding energy of the state m which the two nuclear particles 
have opposite spins The latter is determined from scattering experiments 
and turns out to be, quantitatively, the same for the systems proton-neu- 
tron (the first excitation state of the dcutcron) and proton-proton 

3. The quadmpole moment of the deuteron m the ground state, which 
arises from the fact that the electncal charge distribution is not spherically 
symmetrical about the center of mass but is somewhat elongated The 
existence of a quadmpole moment shows that the neuti on-proton force 
must contain a spin-orbit coupling term As a matter of fact, a term of 
this kind comes naturally into the meson theoiy, in contrast to the older 
and more arbitrary statement of Majorana and Heisenberg for the nuclear 
forces. 

It must be regarded as fundamentally futile to attempt to derive these 
three quantities quantitatively from the meson theory, and in this manner 
to find what assumptions have to be made to tie the theory down on ques- 
tions which cannot be resolved from more general pomts of view, for in- 
stance, by invanance arguments. This chfiBculty is not very surprising 
when one reviews the arguments of the previous chapter However, the 
presentation of these attempts should not be skipped over completely since 
it is an interesting example of the application of the meson theory, and it 
always aids the understanding to consider in a concrete case the unraveling 
of the difficulties, the general antecedents of which have already been 
realized from fundamental arguments 

It has already been pointed out in the previous article that thei'e are two 
possibilities for the meson theoiy: 
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a) Neutral theory. In this case an uncharged meson is introduced. 
Consequently, there is no difference between the proton and neutron as 
regards the force of interaction provided by the exchange of a meson 
between the two nuclear particles, a fact which agrees with the second 
experimental obseiwation cited above It has been shown that this neutral 
theory, with the mtroduction of certam cut-off mles, is also suitable to 
represent the othei two expeiimental observations on the deuteron On 
the other hand, it has proved fundamentally unsuited for the explanation 
of /3-decay since it allows no room foi the transfoi-mation of a pioton into a 
neutron and vice versa For this reason alone it certainly cannot contain 
the whole tmth 

b) Symmetrical theory. In oidei to explain the iS-decaj"^ we must 
mtroduce chai god mesons of both signs But then only those pi ocosscs can 
be undei stood in which a proton tiansfoims into a neutron and vice versa 
In this theory forces exist only between pioton and neutron, and theie i.*. 
no interaction foice between smiilai nuclear particles, a fact wluch contra- 
dicts the second expeiimental observation (scattering of protons on protons) 
In order to repiesent these obseivations and the /3-decay at the same time, 
it is necessaiy to introduce both chai'ged and unchaiged mesons Since the 
proton-neution foice agrees quantitatively with the proton-pioton foice, 
it IS necessaiy to asciibe to both nuclear particles the same emission prob- 
ability and the same absoi-ption probabdity for the chaiged as for the 
uncharged mesons. It will be shown that a symmetrical theoiy of this 
kmd is not adequate to represent the properties of the deuteron quantita- 
tively. Thus this manner of reasoning can at most contain only a part of 
the tmth 

The mathematical formulation for the force of mteraction between two 
nuclear particles resulting from the neutral theory has already been carried 
out in the foregoing chapter. As a result the potential energy of the inter- 
action of two nuclear particles at a distance r from one another is 

V = U -\-V, + V, 

with 



The first two terms XJ and Vi correspond to central forces; here only the 
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intensity of the force is dependent upon the spin and at of the two par- 
ticles The third teim Fj, which is also rcpiesented as a “Tensor force”, 
contains the spm-orbit coupling pioduced by the electric quadrupole 
moment 

The symmetiical thcoiy rcqunes in its fonnulation the concept of a 
diffeience between pioton and ncution Actually, this difference is realized 
by mtioducmg the chtiigc as anothoi quantum number which can take on 
two values and, thcictoic, can be tieated exactly like the spin Hence, to 
cvciy nuclcai iiarticlc five dcgiees of fieedom aie ascnbed, three for the 
motion m space, one foi the spin, and one for the charge 

The exact mathematical explanation ot this method will be passed over 
lieip One proci'cds bv mtioducmg the “charge opeiator” r analogous to 
the spin opciatoi a, the potential eneigy then takes the foiin 

V ^(U+V, + V,) C?. ?.) 

Without lelerimg to the symbolism we can expiess the essential tacts in 
the following manner Since, accordmg to the Pauli principle, only those 
states exist which aie antimetric wnth respect to the exchange of two 
jiai tides, or m tlus case of two variable-quintuplets, the states can be 
giouped in the following mannei 


Table I 


'ISJOtlOSCOpiO 

notation 

Position 

Spin 

( 'hai ge 

(n 7?) 

ICxample 

’.S, 

symmetr 

symmetr 

antimetr 

-3 

Ground state of 
the deuteron 

’.S, 1/) 

sjmmeli 

antimetr 

s\ mmetr 

+ 1 

Excited 

deuteron 

'P 

uiitimclr 

symmeti 

syiiimcti 

+ 1 


'P 

ant imctr 

antimetr 

antimeti 

-3 



We have, accordmgly, to mtroduce the potential energy — 3F for the 
ground state and -|- F for the excited state 
For the quantitative solution, or, essentially, for the solution of the 
Schrodinger equation with the potential function given, Bethe has intro- 
duced a simplification by puttmg fif = 0, thus omitting the term U. This 
term was interpreted in the neutral theory, as well as for the excited state 
in the symmetrical theory, as an additional repulsion, and for the ground 
state in the symmetrical theoiy, as an attraction. The omission is purely 
arbitrarj'' and is based only upon the heuristic argument of greater simplicity 
(“single foice hypothesis”) 
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Furthermore, it has proved to be necessary to cut off the potential V at 
a certain radius ro in order to avoid the divergence difficulties at r = 0 
arising from the term Vi These difficulties have already been discussed in 
the foregoing chapter; here is one of the principal causes of failure of Bethe’s 
attempt For the cut-off two different prescriptions were used; in the first 
prescription the i\ile was that V = 0 for r < ro, in the second it was assumed 
that in the same range V = F(ro). 

The results are assembled in the following display. 


Tdble 2 



Neutral theory 

1 S\ mmetnc theory 

1. cutoff rule 

2. cutoff rule 

1 cutoff rule 

2 cutoff rule 

ro (in 10 “ cm) 

0 605 

0 885 

3 05 

.3 77 


0 0800 

0 0770 

0 181 * 

0 l.">2 

(r**)* (10“*’ cm) 

1 82 

1 81 

2 88 1 

2 71 

q (in 10'” cm*) 

-1-3 71 

+2 62 

-20 0 

-17 0 


In this the meson mass was assumed to be 177 election masses and the 
characteristic length was, accordingly, l/it = 2 185 • 10"‘® cms The quan- 
tity r' signifies the separation of the proton from ^ centei of giavity of the 
deuteron in the ground state; the mean value (/'*)* can, therefoie, be re- 
garded as about the radius of the deuteron T^ quadnipole moment was 
calculated accordmg to the assumption q = Ss'-’ — i'-; it states that the 
positional eigenfunction does not depend on r alone This arises from the 
fact that, m consequence of the spm-orbital coupling, Vi, the ground state 
of the deuteron is a mixture of a dominant .S-state with a Z)-state. Since 
only the total angular momentum and the total spin, but not the orbital 
momentum, are true quantum numbers, two possibilities are open either 
there is no oibital momentum and a spin momentum h, or the orbital 
momentum is 2h and the spm h has the opposite direction, so that overall 
the empirical total momentum ti is realized 
The two quantities ro and ffttc are so determined that the binding 
energies of the ground state and of the excited state aie correctly repro- 
duced. One sees that the results aie, to a large extent, mdependent of the 
nature of the cutoff piescription; on the whole a much larger stmcture re- 
sults fiom the sjunmetrical than from the neutral theory. Coi responding 
to its porous structure it is necessaiy to have a larger value of f/Ttc in the 
symmetrical theory in order to obtain a binding energy equal to the 
empirical value. One is considerably prejudiced against drawing quantita- 
tive conclusions from the symmetrical theory by the fact that the cut-off 
radius in it is greater than the mean distance of the proton from the 
center of gravity That means that the two heavy particles often find 
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lihemselves separated by distances for which the meson theoiy, because of 
its divergence difficulties, no longer applies. 

The possibility for a quantitative control is afifoi-ded by the value of the 
quadrupole moment q It is known, empirically, to be 2 75 • 10"*^ cm * It 
IS seen that the neutral theory reproduces this value very well, whereas the 
symmetrical theory leads to an erroneous result, as regards both the sign 
and the order of magnitude 

In summary, it may, theiefoie, be stated that for a quantitative treat- 
ment of even the simplest problem of nuclear physics the meson theory is 
far from being the right language. The neutral theory is not able to explain 
the /3-decay nor the actual appeamnee of charged mesons in cosmic radia- 
tion. The symmetrical theoiy breaks down completely in the quantitative 
treatment of deuterons. Both are beset by arbitraiy cut-ofif rules which 
imply a much moi e serious encumbrance here than m the relativistic quan- 
tum mechanics The great hope which was first placed in the meson theory 
has, therefore, not been fulfilled. But, after all that has been brought out 
in these two chapters, this is not very astonishing since we have apparently 
now gone beyond the limit of applicability of the existing schemes; processes 
with several particles, nonlinearity of equations, and similar things may 
create an entirely new situation for which our mathematical apparatus is 
in no way adapted 



12. THEORY OF EXPLOSION -LIKE SHOWERS 

Bv W Heisenberg, Berhn-Dahlem 

The effective cio&s-section foi any kind of a colhsion process has ahnost 
always been calculated by means of a quantum mechanical perturbation 
theory known as the Bom collision theory Since the matrix of the inter- 
action cnergj'^ contains, in general, only elements for transitions m which 
one or at most two particles are ereated, it is necessary in general to extend 
the perturbation calculations to the wth (oi, respectivclv, the nth/2) 
appioximation if processes aic to be accounted toi in which n particles are 
created at a time If the pertuibation calculation coiiveiges reasonably, 
then the piobabihty loi the simultaneous emission of many particles 
becomes veiy small This general consideration has led to the supposition 
that there can be practically no genume multiple piocesses of this kind; 
and also, iii the Yukaw a Theoi y, Yukawa (Y 1 to 6) , Bhabha (B 19, 20) and 
Heitler (H 5, 6) have calculated the effective cioss-scction foi soatteiing, 
according to the Born method, and have assumed that the convergence of 
the pertuibation method, which is always a problem because of the known 
divergences (self energy of a particle), could be established m a later and 
more complete foim of the theory 

The more precise mvestigation of this question (Heisenberg) (H 3)), on 
the contiaiy, has led to the result that the Yukaiva Theory already belongs 
to a group of theories in which the perturbation calculations arc basically 
non-convergent when the colliding particle is above a certain energy 
The Yukawa Theory is, therefore, one m which genuine explosive shower's 
above this energy are to be expected The reason for this property of the 
Yukawa theory w'lll lie given in the following di'^cussion without detailed 
mathematical analysis 

There are two reasons loi the occuiieiice ot multiple pioc&sses m the 
Yukawa theory first the close iclationslup of the Yukawa particle with the 
light-quantum, and second, the pecuhaiities of the energy of interaction be- 
tween mesons and nuclear particles which are as.sociated with the spin and 
char gc of the meson. 

The close foiTual relation between mesons and light-quanta which comes 
out of the Yukawa theory has as consequence that in the collision of two 
energetic nuclear particles several mesons can be created in the same way 
as an infinite number of light quanta are normally produced in the collision 
of two electrically charged particles The latter fact was made understand- 
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able on the basis of the quantum theory in a paper by Bloch and Nord- 
sieck (B 27) . When an energetic particle is suddenly deflected, accoi-ding 
to the classical theory, at the moment of deflection the difference of the 
electromagnetic fields sun-ounding the particle before and after the deflec- 
tion becomes in a ceitain sense detached and wandei-s into space as radia- 
tion This radiation field at the moment of its cieation is evidently a 
relatively small wave packet, and its Fourier expansion at that time gives 
a spectrum, the intensity of which approaches a constant value hi the range 
of very low Irequencies This spectmm m the quantum mechanical intei- 
pretation represents the expectancy foi the actual spectmm The mean 
number dn of light quanta in the fiequency inteiwal dy is, therefore, (cf., for 
example, the well-knon n foi mula tor the x-iav spccti um) 

(hi ~ const (1) 

hv 


and the integial over all frequencies leads to an infinite number of very 
low-energy light quanta 

In complete analogy to this, in the sudden deflection of a very eneigetic 
proton or of a neution, the difference of the associated Yukawa flelds before 
and after the deflection becomes detached and i\ andeis into space as meson 
radiation Agam a spectrum is created with expectancy given approxi- 
mately by (1) . The total number of mesons now turns out to be finite since 
the meson possesses a finite rest mass, the integral over dn has a lower limit 
hy = juc* From this it follows that the mean number of mesons increases 
with the logarithm ot the available collision energy, smee the upper limit 
of (1) lies m the legion where hv is compaiable with the pnmary energy E. 
Thus it follows 


ti ~ const. 



( 2 ) 


The constant factor has a value of the oidei c“/Sc in the theory of light 
quanta, and m the Yukaw a theory of the ordei (/'/ tic, its derivation will be 
omitted The above-mentioned effect thus gives in pimciple the possi- 
bility of undemtandiiig the creation ot several mesons m a single act, but 
only with exti cmcl v high enei gies of the colliding particle Thrs effect alone 
will scarcely suffice to explain the experiments 
The Yukaiva thcoiy differs fiom the theoiy of light quanta in a second 
essential feature: It contains terms m the interaction between the heavy 
particles and the Yukawa field which increase without limit with mcreasing 
energy of the particle considered. One can see this most simply by a dimen- 
sional analysis. Dimensionally, any physical quantity can be transformed 
to a power of a length by multiplication with suitable powers of ti and c. 
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If in this way one measures all field quantities in units of h and c, then, in 
the Maxwellian theory, there i emains only one dimensionless interaction 


constant ^namelj' 


the 


convei^ence of a perturbation calculation, 


therefore, depends upon the value of this constant alone The lukawa 
theory, on the contraiy, because ot the spin and charge of the meson, 
contams interaction teims with a constant of the dimensions of a length 
(and of the older of magmtude 10”''* cm ) This has the lesult that each 
perturbation calculation finally diveiges if the wave length of the particle 
concerned is small with respect to this constant The divergence of the 
perturbation procedure, moreover, has the significance of allowing for the 
possibility of exciting many me.sons in a single act 

In detail this creation of explosive showers takes place m the followmg 
manner: Just as the excitation of electron-positron pairs in the radiation 
theory gives use, in the Maxwellian equations, to nonlinear tenns which 
lead to the scattering of light by light (Eulei and Kochel (E 6)), so also in 
the Yukawa theory thcie aie nonhnear teims, associated with proton-neu- 
tron pairs, wluch effect a .scattering of mesons by mesons (Heisenberg 
(H 3)) . These nonlmeai temis ai e, m genei al, vei v small However, in the 
very dense wave packets which aic given off m the deflection of very ener- 
getic heavy particles thev plav an even greater part than the normal linear 
terms, if the eneigy is great enough Thus the nonlmeai terms pioduce a 
kind of turbulent mixing of the wave packet until it has expanded mto such 
a large volume that the nonlinear terras lose their significance In this pro- 
cess the Fouriei spectrum of the wave packet undergoes a displacement 
toward the lower frequencies signifymg the creation of many low energy 
mesons, A quantitative calculation of the meson spectrum within such an 
explosive shower is still impossible in the present state of the theory. One 
can make only the rather obvious statement that such a shower, in general, 
will contam many more low-energy than high-energy mesons and that the 
mean number of particles will increase with the available primaiy energy. 
On the other hand, the form of the meson spectrum will depend only slightly 
upon the primary energy 

The fundamental assumption of the Yukawa theoiy, namely, that the 
mesons of the cosmic radiation cariy a spin of a whole number and that they 
are the producers of the nuclear forces, is not at the moment fully confirmed 
experimentally. Wigner, Critchfield, and Teller (W 8), for example, have 
proposed a theoiy of nuclear forces in which the forces are supplied by a 
pair of particles of spin 1/2, the question remaining open as to whether 
these particles are identical with the observed mesons. In such a theoiy 
the first of the above mentioned causes for the creation of genuine multiple 
processes drops out, but the second is still as valid as in the Yukawa theory. 
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In fact the possibility of explosion-like multiple processes was first studied 
on the basis of a theory of the same kind as that of Wigner, Critchfield, and 
Teller, namely, the Feimi /3-deeaj' theoiy (Heisenberg (H 1)). 

Lookmg back over this situation m the theory it is gratifying that the 
experiments of lecent years have pietty well established the existence of 
explosion-like showers (cf Chaptei 5, Klemm and Heisenberg). For the 
eross-section, calculated accorduig to the conventional perturbation theory, 
one can expect agreement with the expeiunents only in the range of small 
eneigies when eftects aie involved depending on the Yukawa field. The 
purely electromagnetic effects of the meson, however, can probably be 
treated without these restrictions by the conventional theory. But it wnll 
be necessarv to leckon with the possibility that the effective cross-section, 
thus calculated, for example, for the excitation of ladiation by the collision 
of a meson, doe.s not measin c the probabihty foi the emission of one light- 
quantum alone, hut that it measures the probabihty for the emission of a 
light-quantum and for the simultaneous creation of some low-energy light- 
quanta and mesons (cf. the work of Bloch and Nordheim). One must also 
reckon with the possibility that, for example, the cascades which are set 
off by radiation excited by meson collisions may also contain a number of 
slow mesons (cf. Chapt. 5, v. Weizsacker). There are still no experiments 
bearing directly on this question. 




NUCLEAR PARTICLES 

13. NUCLEAR DISRUPTIONS AND HEAVY 
PARTICLES IN COSMIC RADIATION 

By Erich Bagge, Beilin-Dahlem 

1. Introduction: Statement of the Problem 

In carefully examinmg pliotogiapluc plates which had been exposed to 
cosmic radiation for a long time, Blau and Wambacher (B 25) in 1937 
discoveied the phenomenon of nuclear dismptions These u eie lecognized 
from the fact that mthin the gelatin layer several rows of developed silvei 
grams produced by the nuclear fragments which flew off in the process of 
nuclear disraption radiated out from a common center (Fig 1) In many 
of the obsei-ved tracks the lange of the pai tides was so gieat that a con- 
fusion of this phenomenon with the so called “stam” fiom ladioactive con- 
tamination could be excluded 

The proof that nuclear dismption is mduced by cosmic rays was bi ought 
out by Stetter and Wambacher (S 19) when they weic able to show by 
measurements at various locations that the frequencv of this process 
increases veiy lapidly with elevation above sea level 

Independently of these phenomena, the sepaiate piotons and neutions 
appearing in the cosmic radiation liavc been the sulijcct of several investi- 
gations (Widhalni (W 7), Schopper (S 11, 12), Rumbaugh and Locher 
(R 12), Funfer (F 5, G), Koiff (K G), Montgomeiy and Montgomeiy (M 6)) 
Moreover, the frequency of occuiience of these particles shows a dependence 
on altitude similar to that established for the nuclear disniptions, and it is 
natural to suppose that the two gioups of phenomena aie i elated 

In fact, it was also shown that m the lower atmosphere the proton and 
neutron mtensities follow exactly the frequency of nuclear dismptions 
The question of the identity of the ladiation which hbeiates the heavi"^ 
nuclear particles is, therefoie, leally the same as that of finding the source 
of the dismptive processes; all available evidence favors the view that the 
latter are excited by energetic light-quanta or electrons of the soft com- 
ponent of the cosmic radiation. The heavy particles and the nuclear dis- 
mptions are thus given a definite place in the overall picture of cosmic 
radiation. 
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2, Frequencies of Nuclear Disruptions and of Heavy Particles at Various 
Elevations above Sea Level 

Tlie fiequencics of nuclear dibiuptions at various elevations above sea 
level at. doteiininecl by Stettei and Wambacher aic shown in Fig 2 Like- 
wise, the data ot Widhalm (W 7) aie shown foi the pioton intensities, and 
the curve (I) gives the i aviation of the election-photon intensity to be 
expected theoieticallv liom the cascade thcoij' Fiom this figui’c it is 
seen that the values toi the fiequencies of the nuclear disruptions show the 
same lapid inciease with elevation as those for the single pioton tiacks 
Moi cover, both sets ol data coiiloim appioximatclv to the theoretical 
curve for the intensity use of the cascade elections 
A ceitain difference is indicated between the nse m fiequeiicy of protons 
and that of nuclear disniplion-' Wheieas the latio of the extreme values 
of the intensity of the piotons is G1 1, the coiic'.iioiidmg ratio for the nuclear 
disraptions has a value betw eeii 30 and 60 1 AN (' note this fact here and 
will come liack to it later fsee liottoin of p 140) 

The lesults of measuiemenls of the neutioii mten-.ities at various eleva- 
tions are shown m Fig 3 TIci o also a compai ison w ith the cuiwe taken from 
Fig. 2 for the cascade elections shows a frequency increase of the same order 
of magnitude as that of the observed single proton tracks Likewise, the 
measurements of neutron frequencies by Korff, as well as the firet measure- 
ments by Funfer, are given and these fit the curve verj’ well 
Accordingly, between the gioups of phenomena here consideied there 
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easts a far reaching parallelism in regard to their variation trith elevation. 
It immediately appears that if one assumes that the nuclear disruptions are 
the real source from which the single tracks of heavy particles originate, and 
if it can be fuithci shown that the effect of a smgle particle extends only 
over a range within which the intensity does not alter radically, then the 
siimlaiitj" of the variations of fiequency with elevation are explained in a 
most simple manner. The smgle tracks of the protons and neutrons can 
thus be considered simplj^ as products of the nuclear disniptions 

According to both tlieoiy and experiment, somethmg like the following 
picture can be foimed of the nuclear process itself (B la). At first, possibly 
through the collision of a photon, one or more heavy particles in the nucleus 
are set into rapid motion. These energetic neutrons or protons in their 
passage through the nucleus collide with other heavy particles and impart 
more or less eneigy to these These secondary pai tides can either leave 
the nucleus immediately or they can form teitiaiy particles until finally 
the greater part of the energy of the primary particle is distributed through- 
out the nucleus as thermal motion. Thus, the oiiginal collision process 
results in a nuclear evaporation in the sense of the Bohr theory of nuclear 
processes. The whole process also takes place in the same way if a very 
energetic proton or neution strikes the atomic nucleus from outside In 
general, it should be possible to divide the particles ejected from the 
nucleus into two groups: those thrown out of the nucleus directly as secon- 
dary particles and those released by chance through evaporation. 

Corresponihng to these ideas it is possible to represent the empirical 
spectrum (averaged over all “stars”) of the ejected protons in the form 

f{E)dE = 

with a = 3.18, ii = 1 60, e = 2 72 MeV, 17 = 17 MeV. The second paib 
of this spectium is to be asciibed to the diiectly emitted protons and the 
first to the evaporated protons The nuclear temperature in this process 
would then be of the oidei of magnitude of a few MeV However, the 
partition of the spectium into two exponential functions will not exactly 
correspond to the partition of the pai tides into the two groups; also one 
must consider that the tempeiatuic of the nucleus is gradually reduced 
during the evapoiation — Occasionally the view ha’ lieen cxpicssed that all 
Blau-Wambachei “stars” can be conceived simply as nuclear evaporation 
Such an hypothesis, however, according to the empirical spectrum of the 
protons would lead to temperatures of 10-15 MeV and to total excitation 
energies which are far too high. Since one can evaluate the total energy 
of a disruption process, it must be concluded, by reversing the argument, 
that from the relative number of high energy protons it cannot be treated as 



132 


E Baoqe 


a pure evaporation process. One can most probably describe what happens 
in the following manner The heavy particle which penetrates the nucleus 
produces at the point of entiy a very stiong local heating and, m conse- 
quence, sends out relatively high-energy nuclear ingredients Finally the 
heat dissipates itself gradually thioughout the nucleus This assumption, 
however, is onlj' another foiinulation of the distribution of the emitted 
particles mto two gioups distinguished by their times of emission, as 
outlined above 


3. Nature and Energy of the Emitted Radiation 

Next, a moie piecise tieatment will be made ot the question ol the natuie 
of the radiation which .sets off the nuclear processes As the most important 
indication of the answer to Ihk question, one raa}' consider the facts estab- 
lished by the data represented in Figs 2 and 3, i e , that the incieasc of 



Eigute 4. The mean eneigy of cascade electrons and the decay electrons as function 
of the lower limit Eo. above which nucleai disiuptions can be released 

intensity with elevation of cascade electrons and photons, which is well 
established both experimentally and theoretically, is m close agreement 
with the rise in the number of disruption stars. 

The analogous observation regarding the cascade electrons and the 
large Hoffman bursts led Euler (E 3) to assume that the bursts are excited 
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by the energetic cascade particles. On the basis of their completely similar 
behavior the lelease of nuclear disi-uptions will also be regaided as an 
effect of the soft component of the cosmic radiation, but it must also be 
admitted that the eiieigctie electrons resulting from decay of mesons can be 
effective m the pioccss 

Howevei, one encounteio heie a difiiculty with this mterpretation For, 
whereas experimentally the mean enei^y of 89 MeV leleased by all nuclear 
disioiptions at 200 m elevation mci eases to 144 MeV at 3450 m., the mean 
energy of the cascade elections remains constant over the same elevation 
mteiwal, and that of the decay electrons falls off slightly as long as one 
takes mto account that portion of the eneigy spectmm beyond about 
5 10®eV If tlie lower limit is pushed to still smallei energies, this cliaiac- 
tenstic becomes even moie maikcd. 

The situation is somewhat diflfeicnt it one takes the average for the 
interval beyond a higher cncig 3 ' This may be seen from Fig. 4. For con- 
ditions at sea level it shows the mean energy of the spectrum of the cascade 
electrons 

-1 Jit 

Fj = const (y = 1 87; T in m water) (1) 

and the mean energy of the decay electrons: 

F, = const (n = 2 lO’eV/m water), (2) 

E{E + aVy 

as a function of the lower limit E„ of the spectmm concerned, beyond which 
the mean is figured It turns out that in the range E > 10* the mean energy 
of the decay electrons, E. ~ 1 QEo, lies significantly below that of the 
cascade electrons St = 2.15 Fg On the other hand, it is recognized that 
very few low-eneigy cascade electrons aie present at sea level and the decay 
electrons predominate, whereas, on the contiaiy, because of their exponen- 
tial nse the cascade elections lepresent the dominant portion at greater 
elevations One, theiefore, needs only to assume that, in actuality, the 
eneigetic part of the soft component E > 5 10“eV is responsible for the 
release of the nuclear dismptions m older to undci stand the increase with 
elevation of the mean cneigy libeiated by this pioccss For in this case 
one can realize a transition in going to gieater elevations from an F = 1 6 Fo 
of the decay electrons to an £ = 2.15 Eg of the cascade electrons Unfoi^ 
tunately, the absolute values of the mdividual spectra are not well enough 
known at the moment, to enable one to follow this transition theoretically 
in detail. 

In any case, however, one will conclude that the mean energy of the pn- 
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mary photons or electrons is at least an order of magnitude, and perhaps 
considerably more than this, greatei than the eneigj' liberated by the 
process as deduced from the energies of the emitted protons This corre- 
sponds entirely with the observations on nuclear dismptions in the Wilson 
chamber (for example those of Fussell (F 7)) A compilation of the litera- 
ture on Wilson chamber photographs of nuclear dismptions is given m a 
paper by Wambacher (W 1), m which it has been established that, in 
addition to the heavy particles, there are also frequent light-u eight pai- 
ticles or elections, and m a few cases some mesons ueie found uliich weie 
most probablv excited by a collision pioccw- 

4. The Single Proton Tracks as Products of Nuclear Disruptions 

The question may now be raised as to how far it is possible to attiibutc 
the observed single pioton tracks to the nucleai dismptions. In this, one 
must calculate the number of piotons which strike a unit surface per day 
from all of the nuclear dismptions m the surrounding space 

In order to tieat this question it is nccessar 3 '^ to know the number of all 
nuclear dismptions m one cc per day Fiom this knowledge, together 
ivith the eneigy spectmm of the dismtegiation protons deteiinmed by 
Wambacher, and by taking into account the energy losses of the protons by 
ionization m the air, one gets immediatolv, the expected eneigy spectrum 
of the single tracks 

In this, howevei, one encounters two difficulties which can be only 
partially resolved 

In the fiist place, the frequency of the nucleai disruptions is known only 
for the gelatin films of pliotogiaphic plates, whereas one needs to have 
it for ail It is, therefoie, necessaiy to make a calculation as to what 
happens in air fiom what is obseived to happen in the photographic emul- 
sion. Such an evaluation can, natuially, be only approximately correct 
because of the diffeient chemical constitutions of the two substances 

Moreover, theie is the further difficulty that in all of the measurements 
made so far of the fiequency of nucleai disi options, no single and onlj" a 
part of the double processes in wluch only one oi two protons leave the 
nucleus have been counted This results fiom the difficulty in the meas- 
urmg piocediue, i.e., that such piocesses fundamentally cannot be dis- 
tinguished tiom lecoil piotons of fast neutions oi fiom sharply bent single 
tracks 

To evaluate these single and double dismptions one is, therefore, led to 
make certain extrapolations. These do not seem unplausible, but they are 
justified only if they succeed, with the same numerical values, m brmgmg 
both the frequency of the single proton tracks and that of the fast neutrons 
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into approximate agreement with the results of the measurements, m spite 
of the fact that the frequencies of occuiience of the two kinds of particles 
differ from one another by about two orders of magnitude (B 16) 
a) Determination of the Energy Spectrum of the Single ^ton Tracks 
In the calculation of the energy spectrum of the single proton tracks one 
proceeds as follows: If n is the number of nuclear disruptions per cc. per 
day and f{Eo)dEo is the average energy spectrum of the protons emitted 
per process, then a number of pai tides 

n/(Eo) dE’o dr ^ (3) 

4irr 

with energy between Eo and Ea + dEa would leave volume element dr 
and strike a unit surface at the origin (cf Fig 5) 



Figure 5 The significance of r, $, and dr in formula (3j. 


Along their path from dr to 0 the particles will have lost energy by ioniza- 
tion in a known amount. The energy-range relation is represented by the 
formula R = $(Eo) The energy E of the protons when they strike the 
origin is determined by the equation. 

ft - r = $(fto) - r = HE) (4) 

One, therefore, has a relation between the three quantities Ed, E, and r 
and can thereby express Eo by E and r. By integrating the fomula (3) 


136 


E Bagge 


over the upper half-space, a function F(E)dE is obtained which describes 
the energy spectrum of all of the protons coming from this region and 
originating in nuclear disruptions 

For f{Eo)dEo one takes the spectrum derived bj Wambachei which, as 
already mentioned, is represented in good appiovimation by the function 

/(Fo) dE„ = (' -f ^ dE,. (5) 

with a = 3.18, b — 1.60, « = 2 72 MeV and rj = L7 MeV. 

Wambacher’s measurements and the function (5) are lepie&ented m 
Fig. 6. As one sees, in the range between 0 and 50 MeV, they are m very 
good {^eement 



Kif^ure 6 I'requcno distiibulion of distuption piotoiis .is fiiiution of the eneiR' 


If the calculation is carried through with this distribution function (B 1), 
the desired function F(E)dE is obtained. The integration over the lattei 
results in a relation between the total frequraicy N, of protons per cm.^ per 
day and the frequency n of the nuclear processes per cc. per day. One 
obtains 

N 

^ = 230 cm 
n 


(6) 
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This ratio will be compared with the corresponding numerical values 
taken from the measurements 

b) Comparison of the Total Frequencies. The distribution function 
F{E)dE resulting from the preceding calculation is shown in Fig 7. The 



Figure 7 Energy distiibutioii of single piolon tiacks SteiJ cuive Measurements of 
WiDii'iLM Smooth cuive Theoietical curve F(,E)dE 


same hguie also contains the coiicsponding data on pioton frequencies 
taken from the mcasuiomcnf s bv Widhalm I’lic function F{E)dE is here 
so normalized that it agi ces with the moasnrod values at about 25 MeV As 
the figuic shows, it lepiesents the exjiciimenlal icsults very well for all 
higher energies On the contraiy, the cuivcs deviate fiom one another 
completely at tlic lowei eiieigics This can be atlubutcd prmcipally to 
the fact that m Wambachei’s measuicinents he failed to mclude the single 
and double disuiplioiis This assumption iniiiiediatcly explains the above 
mentioned shape of F{E)dE 

The mean eneigv of the nncleai tiaginent'' hum the single and double 
processes is of the oidei of magnitude 4 to o This is taken directly 

from Fig 8, which gives the measured mean value of the particle energies 
for the three, four, etc. “stars” as a function of the number of emitted 
protons. The measured pomts fall approximately along a straight line, 
which begins with a 15 MeV mean energy for the eight particle “stars” and 
then falls off for smaller proton numbers The extrapolation to the particle 
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number <m£ leads to a mean value of about 4 MeV. The existence of single 
and double disruptions will, therefore, be able to influence the shape of 
F{E)dE only in tbe small energy range up to about 20 MeV. 

One can now evaluate the approximate number of the single and double 
disruptions which were not included, if he measures the ratio of the shaded 
to the unshaded area in Fig. 7 It turns out that about three times as 
many processes of this kind were left out of account as the number of dis- 



Figuie 8. Menn energy jiei p.iiutle lui bUia ul li\eil |>a.iti(lp nuinliei 

ruptions found with the higher number of particles. The total frequency 
of the nuclear processes should, therefore, be four times as great as that 
given by Wambacher’s data 

This agi'ees veiy well with the findmgs on the frequency distribution of 
the various “stars”, as represented in Fig 9 The total frequency of all 
".stars” with particle number v exceeding that given as abscissa, falls in 
excellent fashion on a stiaight Ime for r = 3 to 8 If one tries to extend 
this line to small particle numbers, he obtains for r = 1 a frequency 
(= 60) which is four or five times Uie value measured for r = 2 (11), in 
satisfactory agreement with above result. With regard to such an extra- 
polatoiy determination of the frequency of these processes, one can natur- 
ally hold certain misgivings. However, it is to be noted that this procedure, 
on account of the relationships brought out in Fig. 8, may be considered 
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as good as an extrapolation made with the help of the paiiiicle number oi 
as a determination usmg the mean pioton energies. 

It is still to be shown that by taking mto account the missing single and 
double processes the observed absolute fiequencies of single proton tracks 
can be attributed to the nuclear disruptions 



Figure 9 Frequency of stars ■«ho'>c paiticle numbei I'l greater than v 

According to Stetter and Wambacher, 0.03 nuclear processes take 
place per cm.^ per day in a lOO/i thick film of the photographic plate at an 
elevation of 3450 m. In the film about 4/5 of the nuclei are of the type 
(0, C, N) and about 1/5 Ag and Br. Their total number is, therefore, 
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essentially determined by the frequency of the first kind in the gelatin, 
whose density is nearly 1. One can then expect 


n 


3 1.3 

1000 


10 '“ 


“stai's” per cc pei day m aii 

At the same elevation there aie 8 02 protons per cm ® per day according 
to Widhahn and 1 .44 piotons per cm * per day according to Schopper (S 11) 
In these values, moreover, the piotons of the single and double processes 
are included In Older to have a comparable ratio only a quaiter of these 
.should be attributed to di.siuption& involving moic than two pai tides, 
accoiding to the coiusideiations at the beginning of this section; thus one 
obtains from Widhalm N^ = 2 piotons per cm.® per day, and from Schopper 
AT, = 0 36 piotons per cm * per day. Fiom this one gets 



2 

4 • 10'“ 

0 30 
4 • 10-* 


= 500 cm 

= 90 cm 


(Widhalm), 

(Schopper) 


( 7 ) 


This rasult is to be compaied with the ratio (6) winch was aheady derived 
for the pioces.ses with more than two particles’ 



The I’esult to be expected theoreticalty thus lies between the expenmental 
detei’minations of Widhalm and Schoppei 
It is, therefore, shown that the frequency of the suiglc pioton tiacks can 
be attributed to the nuclear disniptions. To explain the appcaiance of 
such pai tides in the lowei atmosphcic it is not nccessaiy to suppose that 
these pai tides come from external .space Aloie piobably their appeaiance 
should be legal ded as a nece.ssaiy coii.scqueiirc oi the nucleai disintegra- 
tions leleased by the soft component of cosmic ladiation 
In this cormcet.ioii it is to be expected that the pioton intensity will 
increase with elevation somewhat laster than the trequeiicv of nuclear 
disruptions since it is already known that the mean energj' of the dismte- 
gration particles increases slowly with elevation and for this reason at the 
.same time the mean range of the protons becomes larger. An effect in this 
direction seems to be indicated by a comparison of the measurements of 
Widhalm and Wambacher 
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5. The Fast Neutrons as Products of Nuclear Disruptions 

In the nuclear disruptions neutrons as well as protons are emitted. The 
former, however, cannot be obser\'ed immediately m the photographic 
emulsion, but if charged particle^ leave the nucleus m such collision-pro- 
tesses, naturally the uncliargetl neutioii' will aW' be knocked out. .\s 
regards the numbei ot emitted neutrons one w ill not be tar off in the assump- 
tion that about as many particles ot one kmd lu? ot the other leave the 
nucleus Thu assumption w ill form the basis toi the following considera- 
tions. m complete analogy with the proccduie tor the pivtons. it will be 
shown that the trequeucy ot fast neutions obtamed tiom a simple estimate 
agrees approxim.iteIy with tli.it foimd tiom the e\peiiments. 

This detennmatiou should peitain only to the tast neutrons The be- 
haiioi of tile vUiw neution- will bo ih^cu^ssoil in a eh.iptei by Fliigge Here 
we will consider the fa-'t neutions that can be detected, according to the 
method used by Schoppei, bv the tecoil protons tiom a thm layer of 
pfl.r fl.fi n 

One can also simplj' assume, as has been extensively discussed by Bethe, 
Korff and Placzek (B 17), that the fast neutions disappear when they strike 
an atomic nucleus, tor e.xample .VP In many cases they will leave the 
nucleus agam with reduced cneigj', but they will then be within the range 
of velocity wheie they can no longer be detected photographically by their 
recoil protons from the paiafin layei 

Let their mean free path to the first nuclear encounter be X. Then in 
complete analogj' with the deiivation m the case ol the protons, one obtains 
for the number of particles which originate m the volume element dr at 
distance r and .strike a unit surface 


, cos d _r/x IQ\ 

nv (It - ^^ 2 - e W 

Here v is the mean number of neutrons emitted in one process 
By integrating (8) over r and B in the uppoi half-.space one gets, N ., the 
total number of incident neutrons. 


n 4 


(9) 


Wambacher’s table gives the value 3.88 for the mean number of protons 
por star. Thus we take for the neutrons 

V = 4 neutrons per star. 

The free path X, with a collision cross section of c = 10““ cm.*, tuins out 
to be 360 m. normal air. 
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Thus, 


^ = i • 3.6 • 10" - 4 = 3.6 • 10" cm. 

n 


( 10 ) 


On the other hand, one can calculate the above relation directly from 
Nn and n if one takes from the measurements of Schopper and bases n 
on the discussion of page 140. 

At 3450 m. elevation behind 1 mm. parahn Schopper finds 5.3 recoil 
protons per cm.“ per day. Neglecting the very slight absorption in the 
parahn itself, the number AZ of recoil protons turns out to be 

AZ = ‘ a n,i Ax 

and hence 


" anitAx 

(njr = number of protons per cc. in parafin = 9 • 10“*, 

Ax = thickness of the layer = 0.1 cm., <r = 10“*" cm.*) 

Nn — - ^ 600 per cm* per day (13) 

9 • 10** • 0.1 • 10"** 


( 11 ) 

( 12 ) 


If we again take into account the fact that m the derivation of this num> 
ber all single and double disruptions were counted, whereas, in the deter- 
mination of ra = 4 10“* per cc per day on page 140, only the processes with 
the higher particle numbers were counted, then N„ must be replaced by 
N„/4 in order to have comparable relationships. 

In this way one gets 


n 


600 

4 • 4 • 10”" 


S 4 • 10" cm 


(14) 


The two numerical values for the ratio (N„/») obtamed on the one hand 
from theoretical considerations (10), and on the other hand from experi- 
mental determination (14), therefore, are in practical agreement Although, 
because of the uncertainty inherent in the effective cross-section, it is 
partly accidental that the two numeiical values agiee so perfectly, there 
can be scarcely any doubt that the two iiumbeis are of the same order 
of magnitude. More than this is not to be expected from the present state 
of the experimental determinations. 

Nevertheless, it can now be established that such frequencies of fast neu- 
trons as are actually observed experimentally ore to be expected as products 
of the nuclear disruptions alone. The frequencies of the nuclear processes 
used in this calculation are the same as those upon which the considera- 
tions of the proton intensities wore based 
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It is thus shown that the frequencies of the protons, as well as of the 
neutrons in the lower atmosphere, can be attributed to the nuclear disrup- 
tions. The hypothesis that such particles penetrate mto this n yn n from 
external space is, accordingly, superfluous. 

The state of the experimental mvestigations in the upper regions of the 
atmosphere do not allow the relationship's there to be reviewed at the 
moment. Only after one succeeds in obtaining smtable numerical data on 
the frequencies of the various groups of phenomena can it be proved to 
what ext^t the heavy particles in this piart of the atmosphoe are to be 
considered as products of nuclear disruptions. 


14. ON THE EXCITATION OF NEUTRONS BY COSMIC 
RAYS AND THEIR DISTRIBUTION 
IN THE ATMOSPHERE 

By S. Fltjggk, Berlin 

1. Experimental Facts 

The first obsenrations of neutrons in the atmospheie weie made by Fun- 
fer 1937 (F 5). He used a pioportional counter of large volume (2800 cc.), 
of which the mner surface was lined with a boron layer. When this cham- 
ber was surrounded on all sides by a thick boiax shield (10 Kg), the 
number of counts registered fell from (10 85 ± 0 23) per mm to (9.5 ±0 2) 
per min at the Giessen Institute. The difference of 1 35 ± 0 3 counts pei 
min. had to be ascribed to slow neutions. These fiist obseivations gave 
impetus to a systematic investigation of the effect First, layers of hydro- 
genous substances (water, paiafin, wood) were placed aiound to slow the 
fast neuti ons doira a little and thus to make them effective for measurement 
in the boron chamber. Wheieas within the Giessen Laboiatoiy, where the 
neutrons were aheady slowed down by passage through the concrete loof, 
no influence of such layers appeared, the measurements m free air gave 
about a two fold increase 

Without paiafin 0 65 ± 0 1 neutron/mm 
With 1 cm parafin 13 ± 0 12 neutron/min 
AVith 4 cm, parafin 1 25 ± 0 12 neutron/mm 
With up to 45 ems H 2 O the same 

With wood also the same increase of the effect could be obtained up to 
saturation at about 1 3 per min On the contiary, no such augmentation 
was obtained with layers of lead, a fact which again is typical of the 
behavior of neutrons. 

Measurements were then undertaken by Funfer m 1938 (F 6) at various 
elevations with the chamber surrounded on all sides by a 2 cm thick wooden 
box. Again the diffei cnees wcie measiucd with and without borax The 
following counts were obtained 


Table 1 


Place 

Altitude 

m. 

Atmosphenc 

pressure 

atm. 

Neutrons 
per min 

Noe-i^ 

M = 6 93 

Giessen . 

160 

0 99 

1 27 ± 0 09 

1 27 

Hoherodskopf 

780 

0 91 

2.1 ±0 36 

2 18 

Feldberg in 


0 85 

3.2 ±0.3 

3.19 

Schwarzwald 


0 82 

4.2 ±02 

■ 4.12 

ZuesDitze 


0 71 

9 8 - 4 - 0 26 

8 65 
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If one tries to represent the experimental counts by a law of the form 
N — No e"'" where p is the pressure in atmospheres, then with n — 6.93 one 
obtains the last column of the table, which i® m quite good agreement with 
the measurements 

At about the same time Schoppei began inve.stigations to detect nputron.s 
in the cosmic radiation liy a pioceduic siinilai lo that of Blau and Wam- 
bacher (B 25), photogiaphic pLates wcie exposed at different elevations and 
the tiacks of heavy paiUeles foniied m the emulsion were counted In 
this work two different procedures could be usetl ior separate obseiwation 
of fast and slow neutions. In order lo detect fast neutrons the plates were 
placed fiist behmd 1 mm. of lead and again behind 1 mm of parafin 
Whereas the number of tracks behmd the lead could be regarded as a meas- 
ure of the number of protons piescnt, the considerably inereased number of 
proton tracks behind the parafin layer indicated that protons were being 
ejected from the parafin by primary heavy pai tides These particles were 
thought to be fast neutron.s The following counts were obtained 


'I.il.le 


Place 

Altitude 

111 

.\t mohiiheiic 
picssuic 
atm 

Piolons poi cni^ pci lioiii 
n ith 

iVoe-"” 

H = 6 93 

1 nun 
puiafiii 

1 mm 
lead 

Stuttgart 

200 

0 98 

0 07 

? 

0 02 

Jugfraujoch 

3400 

0 65 

0 28 

0 00 

0 22 

Stratosphere 

18000 

0 09 

5 1 

? 

10 2 


In the last column numbers have agam been chosen to coi respond to the 
exponential absorption which Funfei found in the lowci third of the atmos- 
phere Since the null effect with lead was measured at hut one point, these 
numbeis can be compared only very loughly with the expei imental values 
Neveitheless, it can be definitely concluded that Schoppei ’s stiatosphere 
value IS smaller than it should be according to the exjionential extia- 
polation. 

The measuiements of the slow neutrons veie made m the following 
manner by Schopper: He used a photographic emulsion containmg boron, 
in which a-pai tides of 1 89 MeV energy were given off by the slow neutrons 
in the reaction “B(n,a)^L7, and their tracks were ob.served in the emulsion. 
At one time a boron absorber was laid over the plate to absoib the slow 
neutrons. Again, he worked without the boron absorber, and a strong 
mcrease in the a-tracks took place. Observations were made at two places 
In Stuttgart 0.15 a-partides per cm.* per hour were found, and on the 
.T iiTigf rii.iijnp.yi the number was 0.26 This increase is veiy much less than 
was to be expected, according to Ftinfer’s absorption coefficient. 
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Korff (K 6) has also carried out investigations of the neutron intensity 
up to very great heights. The measurements were made with counter 
tubes 20 cm. long and 2 cm. diameter, and filled with BFg gas at 0.1 atm 
pressure In this way the total number of all slow neutrons was counted 
The measurements extend to pressures of about 1/20 atm. and throughout 
show the same rate of increase which can be represented by an exponential 
function with n = 7 per atm 

The absolute number of neutrons can also be deduced from Korff's 
measurements. However, in this there is involved a series of poorly known 
quantities, especially the excitation of recoil nuclei in the boron chambei 
which are released by primary particles other than the neutrons. Hence, 
all absolute values are uncertain by at least a factor of two in one or the 
other direction. From Korff’s measurements, which he, Betho, and Placzek 
have discussed extensively, a pioduction of 0 05 neutrons per gram per 
sec takes place in the region of the atmosphere where the pressure is 0 1 
atm. That agrees well with the value obtained from an airplane flight 
which v. Halban, Kowarski and hlagat supervised in Paris up to 9600 m. 
elevation (0.3 atm.) . In these measurements the neutrons wei e slowed down 
m a solution of C 2 H 5 Br; the active bromine created could then be separated 
out by a Ssalard-Chalmers process, and m this manner considerable activity 
was attained. The discussion of these mvestigations by Bethe, Korff and 
Placzek led to a neutron production of 0.01 neutrons per g. per sec., which, 
at the lower elevations, agreed well with the value of Korff. If this pio- 
duction is integrated ovei the whole atmosphere with the absorption 
coefficient ju = 7,’ one ob tarns a neutron production amounting in nil to 
about 15 neutrons per cm ® per sec. in the entire atmosphere. 

2. Nuclear Physics Background 

To understand the observed neution distribution in the atmosphere it is 
necessaiy to know the mteraction between neutrons and the air atoms. 
The experimental material on this question is not so plentiful as might be 
desired, yet it is sufficient to provide a preliminary survey. This is to be 
presented here, following closely the work of Bethe, Korff and Placzek. 

We know only incompletely what happens Avhen neutrons of more than 
30 MeV encounter nitrogen or oxygen nuclei (cf. the previous chapter) 
If, on the other hand, their energy is smaller, Ave can more confidently use 
the Bohr model of the atomic nucleus (sandsack model). According to 
this, the effective cross-section for inelastic scattering of the neutrons will 
be of the order of the geometric nuclear cross-section 10“®* cm.*) and 


•This corresponds to an effective cross-section of 2 X 10““ cm* 
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in such scatteihigs the neutrons on the average are slowed dow to a few 
MeV. Below 6 MeV in oxygen and 4 MeV m nitiogen no more inelastic 
collisions can take place since the lowest excitation levels of these nuclei 
are at these energies. 

Kegardmg the elastic scatteimg which effects fuither stoppage of the 
neutrons a few experimental values are known Thus it is known that the 
scattering cross-section of as well as of ‘“0 varies but little m the range 
from 3 MeV to 0 15 Me^^ wheieas it incieases to considerably greater 
values in the range of theimal neutron energies (1/40 eV). 


Table .i 


Process 

EITcctnc Cl 086 section in 10"“* cm* for 
neutron energies of 

Threshold 

energy 

MeV 

3 MeV 

0 15 MeV 

1/40 eV 
(thermal) 

Elastic Bcattenng on '-'N 

1 4 

1 6 

10 7 

— 

Elastic scattering on 'HD 

1 2 , 

1 8 

4 2 

— 

“N (n, p) “C 

0 Oi 


1 3 

— 

«N (n, a) “B 

0 IG 

— 

— 

0 30 

'«0 (n, p) “N 

— 

_ 

— 

5 6 

‘•0 (n, a) “C 

<~0 01 

1 

— 

2 () 


The effective cioss-section foi the captuic piocess is ceitainly very small. 
Something is known about the capture icaction of piotons “N {p,y) ‘*0 and 
‘*0(Pi7) both of which take place with proton energies of 4 MeV and 
an effective cioss-section of only 0.15 • 10” cm.“ (Curran and Strothers 
(C 10)). Since the Gamow factor at these energies for such light nuclei 
cannot be much smaller than 1, one should expect that the two capture 
processes for neutron.*! (,n,y) would not exceed in ordci of magnitude 
10-“« cm.^ 

The suiwey shows that the only nuclear reaction which has to be taken 
into account in addition to the elastic collisions is the {n,p) piocess m nitio- 
gen, since the othei thiee reactions given in the table arc endothermic and, 
in geneial, do not take place for small neutron energies Unfortunately, 
the vaiiation with eneigy of the ciass-section for the {n,p) leaction m 
“N IS not well known This is the moie i egrettable since resonances which 
are still unknown suielj detcimmc the two measured values of the citos- 
section If one were to assume a smooth variation of the leaction curve, 
then the cioss-section .should be inversely proportional to the velocity of the 
neutrons and, besides, proportional to a Gamow factor for the emission 
of the proton. According to this, one would expect a cross-section of around 
13 • 10"®* cm.® for t-hfirm al neutrons, whereas actually it only amounts to 
a tenth of this value 

As a plausible explanation foi this one can assume that the value for 3 
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MeV neutron energies is abnoiinally high because ot a lesonance Ijong in 
this range. Since with such light-weight nuclei the bieadth of a lesonance 
line amounts to about 10 kcA'^, one may well assume that the effective cross- 
section for small eneigics follows the 1/v law out to about 10 keV; the 
Gamow factor m this range can be regarded as inactically constant 
As an approximation in what follows wc theictoie use the model pro- 
posed by Bcthe and his cowoikcis; ncutions which aie oiiginally lastei 
than about 0 j\IeV aie .slow'ed down by inelastic ■<catt('i nig almost immedi- 
ately to an energy ot a few' MeV Then piactically all of the seatteimg is 
elastic, a fact which effects a fuithei slowmg down Finally, below 10 ke\ 
the (ra,p) cross-section in nitiogcn giadually begins to plaj' a pait, foi which 
we write 



if S is the neution encigy m electron volts The appearance of this reaction 
leads finally to an absorption of the slow neutrons The expeiimental 
data for the effective cross-section for clastic scattering show that in the 
range of fast neutrons apparently only snmll variations aie picsent Hence, 
the scattering cioss-scctiou of an ah atom will be put equal to a constant 
average value of 1 35 ■ 10"'' ‘ cm" above an eneigy E,, which certainly 
cannot be larger than 0 15 MeV. Undei this energy an increase in the 
cross-section determined by resonance comes in as the large value for 
thermal neutrons shows Since in clastic seatteimg the l/« law is not in- 
volved, one may well legaid the scattering cross-section as a constant up 
to at least 10 keV, amounting to 9 4 • 10”'^ cm “ for the average air atom. 
Thus the following simple model may be used 

I" 1 35 • 10"*^ cm ■ for E > 

O’ iScat ~ 'j 

[94- 10’"* cm “ for E < Eg 


and 10 keV <Es < 150 keV 

Naturally the assumption ol the existence ot a transition point of this kind 
IS a very rough approximation It would be especially desirable to study 
somewhat more thoroughly the lole of the chemical bond of scattering 
atoms in the N 2 and O 2 molecules 

Here we need the free path X in the atmosphere corresponding to the 
scattering cross-section in addition to the cross-section itself. Since this 
depends on the air pressure p we introduce instead of it the quantity 



(1) 




IJ\Ci< lit mil 1)1 ul I 1»\ I !{ n •« iJi'.i t iltiJi ii)i II h< I II " I )|j» I f I I'l 


which is independeEt of the pressure, and in which /i ~ 8 km aigniGes the 
height of the homogeneous aUnospheiP The quantitv 1 then has the 
dimensions of a pie«‘<uie, numeiicallj' 


18 

lO*' 

’ aim 

toi /■/' > 

iti 

10 

‘ .itm 

loi E ' 


3. Consequences of the Diffusion Theory 

a) The neutrons which wo obsen'e in the atmosphere cannot be of cosmic 
origm, but must have been excited as secondaries in the passage of some 
other kind of cosmic raj' particle through the atmospliere This conclusion 
cannot be established at the present tune immediately from observations} 
however, it follows from the /3-instability of tlie neutron, which possesses 
a gi eater mass than a neutral hj'diogen atom and hence should go over 
into this form bj' d-decav The half-life can he obtained from the Bargent 
diagram, which nhows it to be of the older ol one hour. It should be ex- 
pressly noted that the d-decav of the neutron has not yet been observed 
expenmentallj' since the mtei action of neutrons uifJi the atomic nuclei of 
the expenmental apparatus is alwavs ro '■tiong that the neutrons vanish 
long betore they reach such an age 

bj It will, theiefore be .i^niimed that a -ouice ot definite but unknown 
strength tor neutioms must be usenbe/l to (he atmosphere. We will con- 
sider the late ot the neiit.ons ongmating rn the atmo'pherc during a short 
time inteiwal at t = 0 Their densitv at the moment of their formation is 
naturally proportional to the -trciigth of tiic source, let it 1>e pnip), m which 
the ail pleasure p h inti odiiecd U' a '.iiihible I'anaiiie in plane of the elevation 

The neiilions nou iiiideigo i 'U^pping proces". in nhich their velocity 
drops from an initial value i>o lenergy Ea) The momentary velocity tw 
(energy E) of a neutron is, therefore, on the averajp, a function of the 
number v ot elastic collisions which it has made since, the time of its formar* 
UOB, as well as of the initial velocity »o, which in this paragraph is assumed 
die same for all neutron« It will prove to be eipetlient to introduce this 
collMon number into the calculations as tiic independent variable in place 
of the time; the two are related bv the equation 

^ g(v) 
dt* >' 

or, since; aceording to equation (1), h » A • l(i>)/p, 

dt = dp ■ 
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Since this condition has only a statistical meaning, its introduction implies 
an approximation, which, however, should ^ve rise to no appreciable error 
in the solution of our problem 

Besides the stopping process the neutrons experience a change of position 
through diffusion This is governed by the diffusion equation 



Here the diffusion coefficient D, according to the kinetic theoiy of gases, is 
^ = I "X = I t/Cv) ^ l(v); 

thus, in our pixiblem, it is by no means a constant but depends upon p (oi 
upon z) as well as on v (or on the time). 

We will now make a transformation from the variables t and 2 to the 
new variables v and p with the help of the equations 

^ ^ di- and p = (4) 

The first equation is a consequence of the stopping theory, and the other 
is just the barometric height formula for an isothermal atmosphere. Then 

and - = — 

dt hl{v)dy ™ dz hdp’ 

so that the diffusion equation becomes 


2 ap ^ 2 1/1 h 2 ip) 

h l(v) dv h d^3 p ^ ' h dp/ 


or in reduced form 


dv 3^^ dp^’ 


c) If we measure p in atmospheres and put po = 1) then the positions 
p = 0 and p = 1 are the upper and lower limits of the atmosphere. Besides 
the initial condition p = po(p) for = 0 we also have to formulate boundary 
conditions for both of these places before we can caiTj*^ through the inte- 
gration of the diffusion equation (5). 

Of these the one for the upper limit of the atmosphere is immediately 
apparent: Since neutrons which reach the boundary can wander off to 
infinity, at that point p = 0. It is much more difficult to make a statement 
about the lower boundary The neutrons penetrate into the rocks or into 
sea water where they are partly absorbed according to unknown laws but 
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can be paitly reflected xvitli diminished velocity Piactically nothing 
can be said, thei eforc, about i\ hat take^ place in the layei's near the ground. 
A thorough discussion of m hat happens ovei an extended water surface is 
earned thiough m the woik ot Bothe, Koiff and Placzek We shall assume 
foi the pill pose of oui calculation that the substances of the earth’s surface 
absorb neutions stionglv, and we will put p = 0 foi p = 1 

The solution of the diffeieiitial equation (5) under these conditions can 
be put m the fomi of a Fouiiei senes which is given by a slight extension of 
the classical theoiy of difiiision on account of the dependence of the para- 
meter I on the variable v 


pW = A„sinjwrpe 




wheie the Fouiiei coefficients, .4„, determined from the initial condition 
p(0) = Pa, aie 

A„ = 2 f dppo(p) sm njTp. (7) 

Jq 

d) In 01 del to calculate the mtegial f l^v^dv, it is necessary to know I 

not only as a function of eneigy, accoiding to equation (2), but also as a 
function of the numbei of collisions v Here wc must investigate the stop- 
ping process somewhat moie closely We can say with a rather good 
approximation, that in an elastic collision a neutron of energy E, when 
colliding with an atom of mass il/(expiessed as a multiple of the neutron 
mass, or M = atomic weight) loses on the aveiage an amount of energy 




Hence 


dv~M + l 

With the help of this i elation we can convert the above integral to the energy 
scale in which I is given by equation (1) Thus we obtain 


r l(yfd, = - f m 

■’0 '’Co 


,,, M + 1 dE _ M + 1 


fw-f 


If we put A/ = 14 6 as the mean value for air then, in the case E < Es, we 
get for the exponent of equation (6) 

I irW }’ l{,>Tdv = n*10-|8320 log ^ -H 174 log (9) 
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e) Wo now ask how long and to what final energy does the stopping 
process persist before it is teiminated in the absorption of the neution in a 
“JV(n,p) process. For this we can use the following foimula. The fraction 
of neutrons of an initial eiieigy E, which attain the energy without 


capture, is 



O'aM dE \ 

ff-cat + ffab. I AF |/’ 


( 10 ) 


where AB is the eneigy loss for each elastic collision, (r.eat is the effective 
cross-section for elastic colhsion.s, and o-ak, is the concuirent (n,p) cross- 
section With the help of equation (8), one obtains for the integral, 
neglecting <7.^, in the denominator. 


M -I- 1 r^' o-.h, dE + 1 r 0 IG dE __ 0 266 , . 

2 Je. ff.ea. E 2 Je, (E)' -94^ ^ 

Thus, the energy Bj is attained bv thefraction c"" of the neutrons, 

or there is attained an eneigy 


B 2 = 1 0 5 0 2 0 1 0 05 0 02 0 01 e^' 

by 77% 09% 55% 43% 30% 15% 7% 


of all neutrons. In paiticular, the numbci of neutrons is reduced to l/e 
of its oiiginal value for /i’j = 0 07 el' Thii,s, the neutrons in the atmos- 
phere do not quite icach theimal equihbiium, they become absoibed before 
they reach theimal energy Foi an approximate description of the diffusion 
process it is sufficient to assume that all neutrons are absorbed at the same 
energy of 0 07 eV or at a velocity of Fj = 3 7 • 10* cm /sec 
By means of the stopping theory we can, at least approximately, evalu- 
ate the time which elapses between the foimation and the absorption of a 
neutron From equation (3) and (8b) it follow s that 


= r = (M -t- i)/i r M ^ 

Jo pv{v) J.. V F 


If one now defines p as the mean piessuie within the region tra^'ersed by 
the neutron during its slowing doivn, then foi ra Ws Va and with the use 
of equation (1) we get with good approximation 


or in numbers 


T = (J/ -t- 1) - 

P I'i 

0.085 

T = — sec. 

V 


where p is measured in atmospheres. 


( 12 ) 




Ib)\ k^tffi^JSSSSi. KaiVS — IPlbjlBrihuniijnt nm trfki^ U-Tiil 


TTIiie- mufflflffi MS'* mm gesmeiraJL, aimasiJiiamitif t® a few tKemitfluf. lalt ai ‘lettumdl, uimJl uc 
mnittieaeif'?' toi dibouli 1 s<ic ojdy- lior p = (O' 11 diim 

(tjULe- ot tiiit ntfiiitcjm twi /aHifevniy <01 aWuLt I b-'Otiiii nhnN nj. suncfti ui 'lObmiitt 
(tJuat aHiT nuilitiifoilie uiferktrLA’ ot tiiLie d-uit^tabjumliv 1 M.imnn^gtimiti ammttjgjojuj- tli» 
(tfet tfamiijt et'iaitf im® tW jucCaune fer nfeo whmk' nay* itffliutmioiiBi Ini 

peiItl(i.'UIlIa]r. it taiuil thfe tiliAS cbt pJWinPimi?. tjf.iNTT'^rwii llm tHiw maij iniuf TiafflSi 

are ivitainly mit: toniwi trvHi tii<c iitutrea? tuit juini tstiBiK# < 4 tf pn!iiiiiBuiT(iDDi®iii 
im are temiai I’y a pp.’i.Y:*- aniaIcioJiii> :o tkat tBup mffnutoonfc. iteim- 

selves are iomietj, 

f I Ws eon new get a tirmer gra^p ». a eke r. ■ t t]lB^(MtungMni(dliKltiiii!biJtt- 

tioBL Sinte all measurements ot neutrens bav'. fji.en juadfe wiA til«f 
the S' n,tii-re: 5 etiou. we objen-e cV r-ttitnim oa[y (tlsey Ikaw mtuKftittil 
the absorprioR range, that is. neiicrons whtL’h .lUirtaiiv hatve tSne tr Hin 
equation t !? 1 we can then put the tinaJ enecg;.' £ = ('> OT eV. Hue vrailfciff off 
£■5 is difficult to give; it must lie between is.i .md 15')ikeY- SSokop anrawii® 
precise value is not possible, all further caleulatioits wffllbe caonrfed liiijitoiiu^ 
tor the two extreme assumptions, where the cqu-^tums dJesiBiiailwi Ibgr aU) 
are tor Eg = 10 keV and those with bt are for Eg = i50 keV. TlheimiiiimiWF' 
ieal value tor the exponential factor of equation ' ili is 

exp (-nV • I r fdy) = E-^ ■ O.Wff' ((I36a) 

O Jo 

= £-® • 0 982’’’ (I3b) 

We non wnte E instead of Eo for the initial eneigy and measuie it in McV. 

4. The Neutron Distribution in the Atmosphere 

To falculalf the Foui ier coefficients A„ wc have to make postulates about 
the source iticngth, 01 , iti othei w'oids, about the ladiation which excites 
the neutrons, and about tlie excitation process itself Since in the greater 
expanse of the atmosphere an exponential decrease of neutron mtensity is 
observ'ed with increasing an pressure, it is plausible to try assigmng to the 
primarv' rarliation a lUiifoim exponential decrease while it penetrates the 
atmophcrc, Tlieri p,, ~ in which we should put p 7 

Furthermore, we iriii»t make a«-iimptions about the primarj' energj* of 
the racited neutioin. We now know of one neutron excitation process 
vriueb is ohwerved in tlie atmosphere, namely, the Blau-Wambacher ‘‘stars’’ 
vriiich were the subject of the preceding chapter. There we saw that their 
increase with elevation agrees well with the assumed increase of the number 
of neutrons present, for the frequenev' of the stars increases with elevatioii 
as 
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We know a little about the energy distribution in the stars. Two gioups 
of emitted particles (piotons and neutrons) are to be distmguished, an 
energetic gioup consisting of those particles which aic struck directly by 
the primary ray and aic ejected from the nucleus, and a low encigy group 
of particles which aie evaporated fiom the nucleus after its excitation The 
observed distribution* can be best icpiesented by the following supei posi- 
tion of two such distribution functions 

N{E)dE ~ E{a • e"*"' + b e-^^)dE 

N{E)dE IS the numbei of neiitions excited with an cneigj’^ between E and 
E -H dE, the constants have the numeiical values 
a = 0.178, b = 6 16 (both m arbitiaiy intensity units), a = 0 08 MeV“' 
(corresponding to a half value bicadth of the e-function of 8 6 MeV) and 
/3 = 0.35 MeV“‘ (coi responding to a half value bicadth of 2 0 MeV). We 
can then base oui discussion on the .statement 

P„(p) = J^e-'‘’‘E{ae-‘‘^ -t- be-^^)dE, (14) 


if we make the hypothesis that all ncutions are excited in the atmospheie 
by a primary radiation in Blau-Wambachei pioce.sses 
Introducing this statement into equation (7), the integiation ovei p gives 



2/141 - e’"!-!)"! 

sm nirp — — 22 . 

li -b n/r 


Since n — 7 the second term m the numerator will be omitted throughout. 
Thus one finally gets 


p(p) = 2^0 Z 2 sin nirp f’ E{ae-^ + be-'‘'')dE X 

1 /! -b /» x Jo 


X 0.960“ 


,n*in-0 00S32«* 


If the number 0.982 is used instead of 0 960 this foimula goes over into 
(15b). The integi'als which still remam in these equations can all be re- 
duced to the Euler integral 


=— r 

a •'0 


dxe ‘x” = 


‘This distribution diiTers from the one given by Bagoi: by the factor E which was 
introduced since one must suppose for theoretical reasons that the probabihty of 
evaporation will approach zero as .B — * 0 To be sure, the expenmentd distribution 
function should have its maximum at a lower energy than is here assumed 




EVti mtiawiii (sS iftiatotiMb. fey <Dn5aifit Siys — JDtoiaidHiiBmii mi tfla.' .j&timaiiQ&stib llS® 


Wililk ttBus- TO ffimallty cJiiitaiiiiii 




amd by r<:;p>!la!eMi^ 0.!^^ W Q ^)IS2 to tlK' oqpatonb 

( lib ) . Tbes? Fourier series aiv, ratoartm er^ st’UutE-voinivifflgfinlt;, fejr ats< sBun iss 
O.OCI8S2rr > 2. or n > 15. the inJegral uw kungser e«®TOig>iesi Tnte’flac.ton 
of the loth term is, however, already very suiaM amd tumE iwsft Bw iruniisidhcvd 
further. X:iiaerieally, we get the two folloiwiiiig!, Fusawser wspatowns: 


for F. = 10 keV: 


oiipi = 3.(34 sin rp + 4.10 siu 2rf» + 2,00 sjun Sitjh ], 

+ 1.791 sin 4xp 4- 0.940 ^ 5rp 0.455 siu ©myi i. 

+ 0.199 sin 7 tp + O.OSl sin Sr-p + 0.081 sin 9aj9 i 

+ 0 on sm IOtp + 0.091 sin llr;» 4- 0 OOl sim 12 bj9 I' 



Figure 1. Tlieoretical distribution of slow neutrons in the atmosphere, a) Eg «• 10 KeV; 

b) Eg = 150 KeV. 
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and for Es = 150 keV 

p(p) = 4 26 sm irp + 5 IS sm 2irp + 4 19 sm 3jrp 
+ 2 96 sm 4 tp + 1 910 sin 5irp + 1 185 sin 6irp 
+ 0.696 sm Tttp + 0 393 sm 8irp + 0 220 sm 97rp 
+ 0.119 sin lOirp + 0 066 sm lln-p + 0.037 sm 127rp. 

In these the aibitrary normalization is so chosen that for high pressures both 
functions go over approximately mto 50 • The value of 7 07 has been 
used for /i in the computations 

The two functions aie compaicd in Fig 1 with the expeiimental points 
(the dotted line) 

5. Discussion of the Maximum of the Neutron Density 

One sees that both theoietical cuives agiec well towards the right side 
with the obseiwcd exponential deciease, coiiesponding to oui postulate 
(14) The foimation of a maximum is likewi.sc a necessary consequence of 
the fact that the neutions aio sccondanes excited m the atmospheie. The 
position of the maximum, however, does not agiee at all well with the 
obseiwations on the stiato.sphere ascents Thus for Es = 10 keV the 
maximum occuis at 0 15 atm , and toi Eg = 150 keV it occui-s at 0 12 atm , 
whereas, on the contiaiy, the obscivations still show a significant exponen- 
tial rise even at 0 08 atm so that the attainment of a maximum can be 
expected only at suipirsingly low piessuics 

The disci epancy between our theoietical consideiations and the obsei va- 
tions seems to be of a leally seiious nature One might think that it is 
purely a matter of oui having made false assumptions about the piimaiy, 
neution-producing ladiation and that there may also be present a primaiy 
radiation which docs not fall off exponentially with inci easing pleasure but 
is much more strongly absorbed m the upper atmospheric layers and is 
there m a position to supply an additional neution mtensity displacing the 
maximum towards smaller pressures This is, however, not the case The 
position of the maximum is actually deteimined more ciitically by the 
diffusion path which the neutrons tiavcise fiom the moment of their 
ejection from a nucleus until they aie again caught by another nucleus 
For even if we were to assume that we have an extiemely soft piimary 
radiation, which is completely absorbed m the very highest layers of the 
atmosphere so that po(p) is a 5-function, the solution of the diffusion 
equation would give 



9 




(19) 
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This distribution would have a maximum at the point 

P = (| J = (ibtK) log ^ + 35 log • 10"* atm.. 

as is foimd by invoking equation ^91- With E = 0 07 eV one obtains the 
following values. 

With Eo = 1 :MeV 10 MeV 

and (,a) Eg = 10 keV: p = 0 091 atm p = 0.110 atm. 

and (6) Es = 150 keV: p = 0 Olil atm p = 0.087 atm. 

One sees from this, in the firet place, that othei assumptions about the 
neutron-exciting component of the cosmic nuliatton do not change the 
discrepancy and, second, that a variation of the primary energy of the 
excited neutrons also eftect.s no essential imprevement in the situation. 
For these reasons any changes m the nuclear-phvMcal postulates above an 
energj- of 1 MeV arc practically without ■<igmlioance as legards this ques- 
tion 

.After their eneigy becomes less than E^ the neutions, because of the 
mereased scatteimg cioss-section, cannot change their position appreciably; 
the diffusion path, thciefoic con-'ists laigcly ol the path t.raverst*d dining 
the slowmg down tiom En to E\ A significant i eduction of this length is 
thus only possible if Eg i> ledutetl ncaily to E- The above numerical 
values show that the mitial eneigx' wouUl have to be icduced to a few 100 
keV, a situation which is leiy mipiohable tiom the nuclear physics point 
of view' 

Even though the nuclcai physics data w Inch w e have used may be quite 
uncertam, one gets the impiession tliat e\eii considerable alterations in 
the.se would not affoid a solution to the difhcultie- But one should still 
consider, as a last pos-sibility, ivhcthei oui assumption on the cheinic.al 
constitution of the atmosphere is valid In tact, at a height of 20 km, 
fp = 0 055 atm.) the ratio between Ns and O. is displaced from its gi'ound 
value of 78 1 • 20 9 to about 85 15 * A noticeable enrichment of H- and 
He should not yet be present Smee the clastic scattering cross-sections of 
nitrogen and of oxygen are not essentially different at energies above E<f, 
this displacement cannot change things much, even below Es tins only 
means an increase of the mean scattciing cioss-,ection from 9 2 lO""'* cm.* 
per air atom on the giound to 9 7 10”‘‘ cm ’ fOui calculations liave been 

based upon 9.4 • 10"** cm.). 

'This would be true in the cose of stratification for each component according to the 
barometric height formula How'ever, meteorologists incline to the assumption that in 
these altitudes complete mixing still prevails and the constitution of the air is the same 
as on the ground. Cf R. Fenndorf, Meteor Z 68 (1941) 1, 103 
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The presence of water vapor in the lower atmospheric layers implies a 
reduction of the diffusion distance because of the much more lapid slowing 
down That, however, does not change the form of the distribution cuive, 
since the exponential deciease m the lowei layers is independent of the 
diffusion distance and is dotcnnmed by the absoiption of the primary radia- 
tion as long as the diffusion distance is so small that no veiy considerable 
change of the neution density p(p) takes place ovei an mterval of the oidei 
of magnitude of the diffusion distance That is the case m the example 
which we have worked out and is naturallj-^ all the more correct if a mixture 
of water vapor shortens the diffusion distance still further In the upper 
atmosphere, however, where this shortenmg could be of use to us, we have 
good reasons to assume that no water vapor is present. 




GEOMAGNETIC EFFECTS 

15. COSMIC RAYS AND THE MAGNETIC FIELD 
OF THE EARTH 

By J Mlixnfr A.u l ra 
1. Statemeat of the Problem 

The intensity ot co^'inic ladiation is not the same over the whole siirtace 
of the earth As Clay has discoveieii, it shows a definite coiTclation with 
the geomagnetic latitude, it vanes only slightly along the geomagnetic 
equator From this the conclusion is to be diaiMi that the magnetic field 
of the earth cxeit" an mfluence on cosmic ladiatioii and that can be the 
case only if it consists at least m part, ot electiically chaiged particles. 

In Older to compute the intensity ot the cosmic ladiation at various points 
on the earth's suitace one mint have intormation about four things 

1 The magnetic held ot the earth 

2 The diiectional dl^tllbutlou of cosmic lailiation in exteinal space 

3 The composition ot cosmic ladiation in external space 

4 The eneigj' distiibution ot cosmic uidiation in external space 

The magnetic field ot the earth can be lepiesentod with good approximai- 
tion as the field of a dipole with the moment .1/ = 8 1 • 10'* gauss cm.® 
It IS about 340 km liom the centei of the earth in 7° north geographic 
latitude and 160° wc»t gcogiaphic longitude It" ihrection mns from the 
magnetic south pole in the northern heinisphcie to the magnetic noith pole 
in the southern hcnii"pheie 

The diiectional di^tiibution ot cosmic laduition in external space can be 
assumed as isotiopic Accoidmg to all pievious expeiicncc that is a useful 
working hj^pothesis 

No special assumptions will be made at hi-t about the composition of the 
cosmic radiation and the eneigy distiibution of it" components 

Under these assumptions the following mathematical problem can now 
be stated With a given composition and eiicigv distribution in external 
space w'hat aie the composition and eneigv distiibution (and thus the 
intensity) of cosmic radiation as it is mcident from a definite direction on a 
definite point of the earth’s surface^ 

From comparison of the solution of this problem with measurements of 
engmin radiation at the earth’s surface and in the atmosphere, conclusions 
can be drawn about the characteristics of cosmic radiation in external space 
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2. Application of Liouville’s Theorem 

Here we shall consider only one component ot cosmic radiation and of 
this only one segment of the eneigy spectmm between the energies E and 
E + dE 01 with velocities between v and v + dv The number of particles 
m a volume element dxdydz with velocities between v and v dv and with 
direction of motion in the solid angle dn is 

I • dxdydzdv dSl (1) 

The factor 7 is a measuie of the intensity at the position xyz m the sohd 
angle In external space 7, accordmg to our assumption, is independent 
of direction and position It can be shown then that withm the region of 
the earth’s magnetic field the same is true at eveiy place and in every 
direction in which particles ol the given kind and velocity can occur at all 
The proof rests upon a slight modification of Liouville’s Theorem of sta- 
tistical mechanics (Feimi and Rossi (F 2), Swann (S 24)). The equations 
of motion for a particle of kmetic mass m and charge e, (measured m electro- 
static units) in a magnetic field 77 (m gauss) aie 



r IS the radius vector with components x,y,z The scalar value of the veloc- 
ity and hence the kinetic mass remam constant during the motion in a 
magnetic field. Therefore 



From this it follows that 


dv^ dv„ dv, dx . dy dz 

dVj: dv^ dv, dx dy dz 


(4) 


If we introduce a six dimensional position-velocity space with the coor- 
dinate x,y,z,v„v„,v, (in the usual Liouville theorem a phase space is used 
instead of this), then (4) implies that the divergence of the six dimensional 
velocity vector with components x,yjz,v,,v„,v„ vanishes and that, therefore, 
the flow governed by the equations of motion (3) is incompressible m the 
position-velocity space. Moreover, since dxdydzdvdSl, except for a constant 
factor v'‘, IS exactly the size of an elementary cell in position-velocity space, 
this remams constant during the flow, and the intensity is always the same 
wherever the flow goes. 

It remains only to investigate where the flow goes, namely to what points 
and from what directions (or with what velocity components w*, »„,«,) 
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particles of velocity v can arnve at a given obsert'ation point x,y,z from 
external space or from infinity. One is therefore concerned with the determi- 
nation of those orbits described by the equations of motion (3) which arrive 
at the observation point from mfinity 
In connection with the thcoiy of the am ora this problem was thoioughly 
studied by Stonner The calculations were extended for the special purposes 
of cosmic ray investigations by St'nnci and, particularly, by Lemaitre, 
Vallaita, and theii couoikci'- 


3. The Equations of Motion in the Magnetic Field of the Earth 


After the magnetic field of the dipole is mscited in the equations of 
motion (3), they can be {lut in a foim in which th(' physical quantities M, 
m,e,v and t no longei appeal explicitly To this end the aic length s = vt 
IS introduced instead of the time as independent i aiiable, and the inteival 



IS chosen as the unit of length This will be designated as the Stormcr unit 
of length or as 1 storaiei The iippei sign is foi use with positive pai tides 
and the lowei sign with negative pai tides This unit of length is diffeient 
for each velocity oi eneigy, since, in the case of cosmic lay particles, we 
generally have to deal with velocities near the velocity of light the unit of 
length is almost inversely piopoitional to the square root of the kmetic 
mass m or of the energy mc^ of the pai tide 

If polar cooidinates ri,\<p aie intioduced (>, = distance fiom the mag- 
netic center of the eaith mcasuied in stamcis, X = geomagnetic latitude, 
positive north of the geomagnetic equatoi, ^ = geomagnetic longitude 
increasing from east to west) then the equations of motion refeired to the 
arc length s instead of the time and to stoimci units of length are 


dVi 2 . / d<pY ( dX Y 

— 2 ~ ricos XI -3 - 1 — = 

as \ds/ \ds/ 


cos^X (Lp 


d \ , „ dr, dX , - .. 

i-j -2 -b 2 3 - -b r, sm X cos X 
ds ds ds 


- 

\ds/ 


2 sin X cos X d^i 

> 1 '/ 



Two integrals can be obtained immediatdy. From (8) it follows that 
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The constant of integiation 7, is proportional to the component of 
angular momentum paiallel to the magnetic moment of the eaith at 
infinite particle distance It can assume all values between — 00 and + 
The con&eivation of eneigy gives the mtegial 


(dri\ j/dxN 2 

1^1 + rA -r + r, cos XI -7- 1 = 

\ds/ \ds/ \ds/ 


The right side of the equation is unity since we aie diffeientiatmg with 
lespcct to the aic s instead of the time dip ds can be eliminated from the 
equations (6), (7), (9) and (10) Then i\c have a system of two diffeiential 
equations and the accompanj'ing cncigj’ mtegial foi the coordmates r, and 
X If these aie intcgiated, the v>-componcnt ot the motion is given bv (9) 
Thus, the motion m the field of a magnetic dipole is sepaiated into the 
motion m the mciidian plane and the motion ot the meiidian plane about 
the dipole axis 

For numciical calculations it is convenient to poitiay the meiidian plane 
m a plane with the lectangulai cooidinates i,X with respect to which the 
angles aie undistorted and m which x is defined for positive 7i, according 
to Stoimcr, by 

27.»i = e' (11) 

As a new independent vanable, o- is chosen and defined by (27i)V5 = 
e**d<r. 

The equations of motion m x and X aie now 


where 


P(a;,X) = ae“ 




The energy integial is 


a = (270'*. 


ifj + (I)’ - - 0 


The equations (12) can thus be mterpreted as the equations of motion 
of a particle of mass 2 under the influence of a conservative force with the 
potential —P(x,\) in a plane with rectangular coordinates x,\. The total 
energy of this motion, accoiding to (14), however, is not arbitrary but has 
the fixed value zero Fiom the contour diagiam of the function P one can 
get an approximate idea of the course of the motion in the meridian plane 
(cf. Fig 2)/ 


^The motion also takes place in the meridian plane as though a conservative force 
were acting in it. Contour diagrams of the potentials corresponding to various values 
of ri may be found in SrdRMBRS papers (S 20) 
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If j and X are knotm as functions of a. or s, then the direction of the orbit 
in space is also given The angle 0, which the trajectory in space makes 
w4th the meridian plane, will be regarded as positive if the orbit passes 
through the meridian plane in the direction of increasing thus, sin 0 is 
equal to the component of a unit vector m the du-ection of the velocity, 
oi, according to (9) and (11), 


± sm 0 = 


r, cos X ^ = 
ds 


27 , 

r, cosX 



If ij IS the angle winch the orbit m the meridian plane makes with the 
radius drawn to the centei of the earth, then 


4. The Stonner Cone 

A point on the orbit and the tangent at that point are given by the 
coonhnates nXv and by the angles 0 and ri For observation points on the 
“surface of the earth these quantities are designated by rio,\o,PoA>Vo' K Vo 
is the I'adius of the earth in cms then fiom (6) 



Smce TqjPjM and the ie«t mass of the particle are all previously knoivn 
quantities, then rjo, the magnitude of the eaith’s ladius in stormera, is a 
measure of the energj' of the paiticle Foi velocities near the velocity of 
light rjo is nearly piopoitional to the loot of the particle energy. Table I 
gives this relation between iig and the encigy foi electrons, protons and 
a-particles (from Lemaitre and Vallarta (L 6)) 

We now consider the orbits belongmg to a fixed value of y,. They can 
fill only that part of the mendian plane for wbich P > 0, or | sin 0 | < 1 
Fig. 1 shows the curves P = 0 m the a:, X-plane for various values of r, 
between 0.78854 and 1 For negative X the diagram is the mirror image of 
Fig. 1 about the line X = 0 Foi y, < 1 the region allow'ed for the oibits 
IS simply connected, foi y, > 1 there aie two allowed regions separated from 
each other. For yi = 1 the two regions have just one point m common at 
X = 0.693, X = 0. 
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Table 1 


> 10 

1 Kinetic energy in Billion e-voIts for 

electrons | 

protons 

cc-particles 

0 1 

0 596 , 

0 172 

0 184 

0 2 

2 38 

1 62 

2 31 

0 3 

5 36 

4 49 

7 60 

0 4 

9 54 

8 61 

15 64 

0 5 

14 9 

14 0 

26 25 

0 6 

21 5 

20 5 

39 28 

0 7 

29 1 

28 2 

54 6 

0 8 

38 2 

37 2 

72 5 

0 9 

48 3 

47 3 

92 7 

1 0 

59 6 

58 5 

115 2 


For one of the allowed legions Tj < 1, and foi the other rj > 1 . An orbit 
which comes from infinity with ti > 1 can leach no pomts with ri < 1 , 
hence particles whose eneigy coiicsponds to rio < 1 cannot reach the sur- 
face of the eaith fiom mfimtj’ The ciitical value 71 = 1 con-esponds, at a 
given obseivation point rio,Xo, accoidmg to (15), to all directions with the 
critical angle da, 01 to a oiiculai cone with axis peipendicular to the meridian 
plane. Therefoie, into this ciiculai cone, with angle of opening depending 



Figure 1 Curves P = 0, innei stable and outei unstable periodic orbits foi vaiious 
values of 7, faecording to BaSos, Tniiih, and Ltfschitz (B 5)) 
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upon the observation point.no particles can succeed in arrivinir from mtinity. 
It is designated as the St micr cone v!?t mier .S SOlt The forbidden 
directions are in the cast tor positive i»ai tides and in the tvest for negative. 

The left branch of the eun e F = 0. which cuts the equator perx>eudicu- 
larly. backs off in the r. \-pUuie tow ards smaller \ allies of j asi i diminishes;, 
or. conversely, towaixls larger vsilues ot »» if one transfomis from j to rt by 
means of till The bianeh of the cui\e P = D for i, = 1, therefore, ooii- 
stitutes an absolute lowei limit of i , for particles coming from infinity. The 
corresponding energies foi elections, piotons, .and a-particles are listeil in 
table 2 as calculated from equation (17) Accoi-dmg to this, tor example, 
no protons trom infinity can succeed in icachmg the earth’s surface in 
geomagnetic latitude 30“ il their encigy is less than 5 2 • 10“ eV. This 
lower limit can, m general, be nioie precisclv defined for definite durctions 
of observation. 


Table 2 



Tio 

Lowerliimtof kinctieeneigi in lO'e-voltg foi 

electrons 

protons 

a-partirles 

0° 

0 -lit 

10 2 

9 30 

17 0 

lO’ 

0 404 

9 73 

8 81 

16 0 

20“ 

0 375 

S 38 

7 48 

13 4 

30“ 

0 32S 

6 41 

5 23 

0 00 

-t0“ 

0 260 

4 22 

3 37 

5 48 

50“ 

0 191 

2 24 

1 49 

2 10 

60“ 

0 121 

0 87 

0 24 

0 39 

70“ 

0 OiS 

0 20 

0 021 

0 021 

S0“ 

0 014 

0 011 

0 72 10' ‘ 

0 73 10-' 

yo“ 

0 000 

0 

0 

0 


5. General Properties of the Orbits 

If nothmg is said to the contiaiy, all of the follow mg discussion is con- 
cerned wnth motion in the meridian plane, oi m the r, X-plane The 
orbits can be traced m both ducctions. fa statement wliich docs not apply 
to the «patial orbits), smee the equation^ of motion (.12) are not altered if 
— ff is substituted for ff Instead of speaking oi oibits which come from 
infinity and through the point of obseivation, one can, theieforc. 
speak about oibits which go out from the point of obseivation to infinity 
The equations of motion (12) appear not to be lutegiable in closed fonn. 
For their treatment there has been recourse to general theoiems fSchremp 
(S 13)); to series expansions (Banos (B 2, 4, 5); Bouckaeit (B 31), Godait 
(G 5, 8); Lemaitre (L 4), Lemaitre and Vallarta (L 7); Schiemp fS 14); 
Stormer (S 21), Yong-Li (Y 1) and to numerical methods (Hiitncr (H 14, 
10); Lemaitie and Vallarta (L 8, 9), Schiemp (S 14); Stoimer (S 21)). 
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. In order to give an insight into the possible types of orbits the contour 
diagram of Fig 2 for 71 = 0 89 will first be mentioned. Along the line 
P = const the kinetic energy of the two dimensional motion m the mendian 
plane is equal to P. The relief of the potential energy — P, corresponding 
to the contour lines, is very flat over a relatively large region around r, = 
0.69 (* = 0 2) (the function has a flat maximum of amount 0 116.3 at 
* = 0 204, X = 0, the maximum vanishes for 71 < 0 8774). For x < —0 23 
the allowed region with P > 0 consists, in relief, of two grooves becommg 



FiRiirp 2 flontonr clinfcrani of the function P(r, X) foi 7i = 0 89 fn = 0 10) 


ever narrowci towaids tlic left and sloping off gently towaids the right and, 
with diminishing x, extending into greater and greater latitudes. For 
larger values of * of about 0.6 and greater, an exponential variation of the 
relief begins; the term oc*' in (13) is responsible for this. 

Since the unit in which r, is measured (the zero point of the x coordinate) 
depends on the particle energy, the position of the earth’s surface in this 
diagram according to (17) also depends upon the particle energy. The 
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surface of the earth comes at Xo = — 0 34. -i- 0 065 and -|- 0.54 (Le. r^, = 
0.4, 0 6, 0.962) for electrons of energy 9 5, 21 3 and 56 BeV respectrvdy. 
An orbit which goes towards the right from Xo = 0 34 = 0 962 = (lO* 

in an arbitrary direction always experiences an acceleration to the n^t 
and can, therefore, never return again to the imtial value of Xa, Le., it 
cannot come back to the earth’s surface m any latitude. Only in the region 
between the two dot-dash curves is the x-component of the acceleration 
directed to the left, i e. DP^dx < 0 Therefore for rig > 0 %2 all direc- 



Figure 3. Family of orbits which start out lioin one point (According to Hotnbr (HU)!. 


tions are allowed A coiTespondmg limit also exists for all other positive 
values of 7 i < 1. — An orbit which staits out in any accessible latitude from 
Xo = 0.066 can spend more or less time, accoiding to its initial direction, 
in the flat region around x = 0.2 and thus oscillate in the x- as well as in 
the X-direction (cf Fig. 3); under certain circumstances it can take on 
gmftllAr values of X than the initial value Xo before it finally succeeds in 
passing out towards infinity. Such an orbit should be excluded since its 
course lies partly inside the earth and, therefore, would lie in the earth’s 
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shadow. Iq the case of a large number of oscillations rather small differ- 
ences in the imtial direction can lead to very diffei ent orbital positions. As a 
closer investigation shows, this means that there is a senes of directional 
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regions within which the orbits extend to infinity without intei-secting the 
earth; between these lie other directional regions forbidden by the shadow 
effect of the earth There aie also orbits which do not extend to infinity 
at all; to these belong the periodic orbits (cf Fig 1) and such orbits as start 
out from the position of obsei ration and approach asymptotically to a 
pel iodic orbit (cf Fig 4) — ^An orbit which starts out from .To = —0.34 
towaids the light will fii.st follow the groove and can then execute a senes 
of oscillations m the flat i cgion around t = 0 2 , Imt. here it turns out that 
only for a few initial dnections mil the oibit get back into the groove and 
letum to a: < —0 34, thus mtei’secting the eaith, before it again luns out 
along the gioovi' In geneial, the mbit mil find its miy to infinity befoie it 
does this The smallei the eiieigy of the paitich', the farthei to the left 
the earth’s surface is to be taken, and the inoie laich' will the orbit find its 
way back Smee with diminishing To the groove extends to ever greater 
latitudes, this implies that in high latitudes neaily all directions aie allowed, 
and practically the only foibiddcn diicctions he withm the siinjile shadow 
cone (see below) 

For smaller y, the coefficient a m (13) becomes gi eater, and this means 
that the legion of the shaip .slope of the lelief extends more and more to the 
left Foi 7 i < 0 78854 thcic are no oscillations' and, therefore, no moie 
pciiodic oibits In spite of this, certain diicction.s still remain foibidden, 
eg, all 01 bits which start out towaids the north near the horizon from 
pomt A (Fig 2) As can be been immedialeh' from the contour diagiam, 
they will be cuiwed towaids the left and will thus intersect the earth befoie 
they can escape to infinity With such mbits one speaks of the simple 
shadow effect (Schremp (S 14)) 

A general discussion of the mbits leads to the following lesults (Schrem;) 
(S 13, 14)) 

1 For j ,0 > 1 all dnections aie allowed foi am \ ahie of y, either positive 
oi negative The intensity of cosmic ladiation for the con'esponding 
energies (cf. table 1 ) is the same m all directions at the place of observation 
and equal to that m external space It is thcieforc insensitive to the 
magnetic field 

2 For r,o < 1 all dnections in the Stmmei cone, le with 7 1 > 1, are 
forbidden 

3 Foi Jio < 1 all dircctioiih mth — “ <71 < >10 are allowed and the 
appropiiate value of 6a is to be calculated from (15) 

4. For r?o < 7 i < 0.78854 only the simple shadow cone comes into 

‘For the general discussion of orbits from the topolopcal point of view it is con- 
venient to introduce the concept of the number of oscillations A section of an orbit at 
both ends of which the kinetic energy is a minimiim is designated as an oscillatibn or a 
reentrant orbital section (Schremp (S 1.3) ) 
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consideration. The directions forbidden by it and by the Stormer cone 
have been given by Schremp (S 14) for all latitudes and ener^es. 

5. The most complicated behavior occurs for rio < ( 71 )* m the region 
0 78854 < 7 i < 1- 

This is already shown in Figs. 1 and 3. But even m this range of n all 
orbits from the observation point lead out to infinity except for a quanti- 
tatively insignificant gioup, where as for 71 < 0.78854 there are no oscilla- 
tions, these can take place any large number of times for 0 78854 < 7 , < 1, 
thus bringing about a complicated shadow effect 



Figure 5. Schematic diagram of allowed and forbidden directions. 


For the purpose of displaying the allowed and forbidden directions for 
any given pomt of observation, one can plot the quantities sin Bo and 
cos flo sin jjo for each direction in a rectangular coordinate system This 
diagram can also be obtained it each oibit is allowed to mteraect a unit 
sphere drawn about the observation point and these points of intersection 
are projected upon the horizontal plane Fig. 5 gives such a schematic 
diagram for the allowed and forbidden directional regions and Fig. 6 gives 
the calculated diagram for a definite case. 

Tl^p allowed and forbidden regions are separated by critical directions 
or 01 bits; there aic two kinds of these, but both depend upon the shadow 
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e£fect of the earth. The critical orbits of the first kind start out from the 
point of observation, and from the inside they approach asymptotically 
to one of the outer periodic orbits of F%. 1 (cf. Fig. 4); these outer periodic 
orbits exist only for 0 78854 < 7 , < 1 and, in contra.'^t to the inner periodic 
orbits, which exist foi 0 78854 < 7 , < “ , they aic unstable.' The critical 
orbits of the second kind start out from the ohsei ration point, come back 
again to the earth’s surface and just touch it before executmg a more or less 
large number of oscillations outside the eaith and then passing out to 
mfinity. Such orbits occur for rJo < 71 < 1 



Figure 6. Ciagrem of allowed end foibidden diiectioiib Positive particleSi northern 
hemisphere White aiea was not calculated (According to Hutner (H 14)) 


In the schematic diagram of Fig. 5 the forbidden Stormer cone (limit St) 
lies to the right. It extends to the value of flo given by equation (15) for the 
Xg and Tio of the observation point and 7 i = 1. To the left is a connected 
allowed region. It is made up of the so-called principal cone, reduced by the 

^Besides periodic orbits there are also other complicated patterns, diagrams of 
such are to be found in the work of StObmbh (S 20) and Hutneh (H 15) If an orbit in 
the plane 18 periodic the three dimensional spatial orbit is, in general, not 

closed; orbits closed in space were studied by Godaht (G 8) 
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segment of the simple shadow cone (limit Sch), which juts into it. Between 
the limits H, Sch, St is the so-called half shadow region or penumbra In 
this there are an infinite number of alternately allowed and forbidden strips 
(cf. Kg. 6); in the schematic diagram just one forbidden strip is shorn 

All directions for which the orbits go to infinity from the observation 
point without oscillation lie withm the piincipal cone. In the region com- 
mon to the principal cone and the simple shadow cone the orbits inteisect 
the earth before they go to mfinity. The edge of the prmcipal cone is 
formed of the critical orbits of the first kmd; that of the simple shadow cone 
is formed of the critical orbits of the second kmd The edges between al- 
lowed and f 01 bidden strips in the half-shadow region are formed of critical 
orbits of the first and second kinds, respectively The orbits belonging to 
each strip all have the same numbei of oscillations. The fact that there are 
infinitely many allowed and forbidden stiips is immediately connected with 
the fact that theie aie orbits with any number of oscillations (mfimtely 
many in the case of periodic orbits and those asjmiptotic to the periodic 
orbits) (Schiemp (S 13)). 

The computation of the half-shadow regions has been earned through 
for 20“ latitude by Hutner (H 1) and for the magnetic equator by Yong-Li 
(Yl). 

In general, the foUowmg qualitative statements can be made about the 
structure of the allowed and forbidden diiections. For low latitudes and 
energies in the neighboihood of no = 1 all of the allowed directions are 
reduced essentially to the piincipal cone; the half-shadow region is almost 
dark, and the half-shadow cone is very small. For intermediate latitudes 
and intermediate eneigies (?io between about 0 35 and 0 5) the structure 
IS the most complex, in the half-shadow region the forbidden strips again 
predominate over the allowed; this can lead to large variations or a fine 
structure in the directional distribution of cosmic rays. For laige latitudes 
and small energies the half-shadow legion is almost light and the allowed 
directional region is practically liimted by the simple shadow cone 

The integiated apertures of the pimcipal cones and the shadow cones foi 
all energies and latitudes have been assembled by Koenig (K 2) 


6. The Geomagnetic Effect of Cosmic Radiation 

When the diagiam of allowed and forbidden directions has been com- 
puted for all energies at a given observation point, one can read from it what 
energies are ^owed at a given point of the diagram corresponding to a 
given direction of observation. In Kg. 7 the allowed energies for Xo = 20° 
are given for those directions which are inclined 60° from the zenith. This 
holds for positive particles; and for negative particles —do is to be sub- 
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stituted for 9. The lower limit of the allowed enei gies lies above = 0 375 
as it must in this latitude, accordmg to table 2 For directions from north 
to west and somewhat beyond, the half-shadow legion is shoum as a series 
of allowed and forbidden energj' legions beyond which, from the limit of 
the region corresponding to the prmcipal cone, an uninterrupted allowed 
cneigy spectrum comes m 

In order to obtam the mcidcnt mtcn&ity fot positive particles m a 
definite direction, one must integiate the energy spectmm j*{E) of these 
pai tides in external space over all allowed eneigiC's. The i-esult of this 
integration is shown m Fig. 8 for three diffeient assumptions about the 



Figure 7 The aliened niid forbidden energies (exprebsed in ru) at zenith angle z = CO® 
for various azimuths The orbital type is given by the figures at the right of the allowed 
strips Positive p.siticles, northein hcnuspheic (Acrording to IIdineb (II 16)). 


('nergy .spectium. For the assumption j*{E) ~ ®, which is suggested 

by the behavior of the hard component in the atmosphere, jagged vai’iations 
ot the intensity occur foi vaiiations of azimuth at constant zenith angle 
between the north and west They are an immediate consequence of the 
existence of the half-shadow regions Such vanations are designated a.s 
the fine stractuie of cosmic lay intensity Its existence is confirmed by a 
series of observations (Cooper (C 8, 9), Ribner (R 3, 4), Schremp (S 15), 
Schremp and Ribner (S 16)). Magnetic disturbances seem to influence 
these strongly (Schremp (S 15)). Because of the strong dependence of 
the fine structure on the assumed energy spectrum, which is shown in Fig 
8, fine structure studies should be especially suited to the determination of 
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the energy spectrum of the primaiy particles of cosmic radiation; of first 
unportance are investigations at constant zenith angle and variable azimuth, 
since then the effect of the atmosphere on the primaiy particles is the same 
for all du'ections because of the nearly equal absorption path for all direc- 
tions (Vallarta (V 4)).* 

Besides the azimuthal effect mentioned, the following geomagnetic 
effects of cosmic radiation are of mteiest: The latitude effect, the north- 
south asymmetry, the east-west asymmetry, the longitude effect and the 
effect of magnetic disturbances. 

For,a qualitative discussion, at least for low altitudes, one can limit him- 



fleure 8. Azimuthal effects for the enerf;y specti a indicated, calculated from the allowed 
and forbidden energy ranges of Fig 7 Positive particles, northern hemisphere. (According 

to Hotner (H 16)) 


self to the principal cone diminished by the segment of the simple shadow 
cone which juts into it. (Lemaitre and Vallarta) (L 9) have given (a) 
the principal cone for Xo = 0°, 20°, 30°, and all energies, (b) the critical 
energies in these latitudes for the zenith angle 45°, and (c) the critical 
energies in the zenith directions for all latitudes.) Then at each observation 
point and at each direction there are a critical value r*(Xo, Bo, no) of r,o and a 
corresponding critical energy. Above this all energies are allowed, and below 
it all are forbidden For the directions in the north-south and in the east- 


‘This IB not exactly right since the orbits are curved in the magnetic field. For 
protons and electrons of 10 BeV whose paths he in the equatorial plane, the radios of 
curvature at the earth’s surface is about 1000 km and that makes a difference in the 
absorption paths in an atmosphere of 100 km thickness of 14 km at 46°, and of 30 km 
nt 60° zenith angle 
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west planes the critical values are ^ven in Fig. 9 for the case of positive 
particles in geomagnetic latitude 30°. For negative particles the curves 
£ and W are to be interchanged, and for —30° latitude the curves N and S 
are to be interchanged. If the velocity v lies close to the velocity of light, 
then from (17) the critical energy in electron volts is 

= 300il/ ^ (18) 

The upper sign pertains to positive and the lower to negative particles. 
The critical energy, besides depending on \o,6o,Vo, also depends on the 
magnetic moment M (m gauss cm.’) and on the distance ro (in cms.) of the 
observation point from the magnetic center of the earth. If the cosmic rays 
in external space consist of positive particles with the energy spectrum 
j*iE), of negative particles with j“(£), and of a neutral component of total 



0 

Zenith Angles 


Figure 9, Cntical energies (expressed m »») for the north-bouth and the east-west 
asymmetries. Positive particles, northern hemisphere. The nee of the ^-curve for large 
zenith andes is due to the simple shadow cone (According to Lemaitbi! and Vallabta 

(L9)). 
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intensity K, then the intensity in a pven direction at the observation point 
is pven by 

3= r3(E)dE+ [ 3(E)dE + K (19) 

jf+ .ipj- 

The geomagnetic effect depends upon the change of the lower limit of 
these integrals when the parameters ro, Xo, do, Vo, and M change 

Along the geomagnetic equator Et changes only by the longitude varia- 
tion of r,„ the geographic and the geomagnetic center of the earth do not 
coincide. 3 should thus have a maximum where To is greatest at a point west 
of Africa. Along the geomagnetic equator the observed intensity has a 
peiiod of 360° with amplitude agi’eeing quahtatively with the theory 
(Vallarta (V 2)). However, the maximum occurs at a point west of South 
America (Vallarta (V 3)) The source of this disciepancy is to be found in 
part m the diffeiencc between the geogiaphic and the geomagnetic zenith 
direction (Lemaitre (L 5)); the remainder can perhaps be explained by the 
fact that the measuicments of the longitude effect were in many cases of 
only shoit duration and could have been affected by short period magnetic 
disturbances 

A noticeable quadmpole moment in addition to the dipole moment seems 
not to be pi esent in the earth Such a moment would give lise to a variable 
intensity along the geomagnetic equator with a period of 180°, with nodes 
coinciding with the syrametiy planes of the quadrupole. A harmonic 
analysis of the intensity variations gives a well defined 360° period of about 
4% (the longitude effect cited above) besides weak higher harmonic func- 
tions with an amplitude of 0 1 to 0 3%, but no outstanding 180° period 
(Vallarta (V 6)) 

The various geomagnetic effects can be lepiesented especially simply for 
the zenith direction For example, the latitude effect according to (18) 
and (19) becomes 

= -600^ b\E\) -H 3-iE-d\ 

In the other effects the sum j -f- also occum, except in the east-west 
effect, which depends upon the sign of the charge of the particle; herej^ — 
comes in. If one substitutes for 3“^ 3~ the values resulting in sequence 

from the observed north-south effect, the latitude effect, the longitude effect 
and the effect of the magnetic moment in the expression 

„ 3\E\) j-jE-Ci 

rm) - r(® *) 


(20) 
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Table 3. 


+ j~ from 


Latitude 

Height of atmosphere 
in m M ater equivalent 

North-south asymmetn 

0 8 ±03 

30“ 

(> m HjO 

Latitude effect 

1 lb ± 0 .5 

30“ 

10 m HsO 

Longitude effect 

4 6 

0“ 

10 m H 2 O 

ai/ani 

170 

0“ 

10 m HsO 


whereas, ioij' — j~, one substitutes tlio a alue resulting from the east-west 
effect, four independent detenninatious aie obtained for each latitude. 
Table 3 contains the results taken from Johnson’s work (J 9, 10, 11). 

The first two results are completely compatible According to them, j' 
must be essentially greater than so that the cosmic radiation observed 
on the earth’s surface behind 6 to 10 meters water equivalent must be 
derived m the mam fiom positive piimaiies One should not attribute too 
much significance to the munbci 4 0 resultmg from the longitude effect since 
in the longitude effect, as alicady pomted out, theie are other discrepancies 
of an unoxplamed oiigin The value = 170, resulting from the intensity 
vaiiations diinng magnetic stolm•^. has only ioinial significance; in its 
derivation it is assumed that one can desciibe these disturbances by a dipole 
field, vaiiablc in tune, and this assumption is ccrt.ainly not correct. 

Thus, wheicas the piiinaiy particles which aie icsponsible for the geo- 
magnetic effects at sea level cany a predominantly positive chaige, it 
lesults from measuiements of the geomagnetic effects at gi’eat heights 
(up to 0 33 m HaO) in the .same way that j~ = 44%, and j = 56%; that 
IS, the piimaiy particles Avhich pioducc the effects at great heights are 
positive and negative with ncaily equal ficquriicv (Johnson (J 10)). 

Aftci mvoking other con.sideiations .John.son deduces from his icsiilts the 
followmg conclusions (Johnson (J 8, 10, 12)) 

1 The haid component of cosmic ladiation m the atmosphere, which 
consists of mesons, is excited by primal y piotons. 

2 The soft component, v hich contnbutes the mam portion of the cosmic 
lays m the upper atmospheic, is excited by electrons ivhich are charged 
positively and negatn'ch' n ith equal fiequoncy They excite cascade show- 
eis The field sensitive part of these elections with energies of less than 
60 BeV IS completely absorbed in the atmosphere, therefore, this compo- 
nent can have no geomagnetic effects at sea level. 

3. Cosmic radiation in external space is on the average electrically neu- 
tral. That is understandable as was pointed out by Swann, inasmuch as 
gigantic potential differences would occur between i datively closely spaced 
points in interstdlar space if an appreciable fraction of cosmic radiation 
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should not be neutralized on the average, and this would be inconsistent 
with the observed passage of charged particles through space 

The observations on the latitude effect of large showers are worthy of 
note. Jesse and Gill (J 6) and Schein and Gill (S 2) find a considerable 
dependence on latitude of the large showers with energies up to 4 • 10“ eV 
observed behind 12 cm of lead Since singly charged particles with energies 
above 60 • 10“ eV can have no latitude effect, one must conclude that eithei 
the piimary particles of these laige showera are multipl}'^ charged (accord- 
ing to (17) and accoiding to page 169 a field sensitivity of the intensity is 
not to be expected foi n-fold cliarged particles for > 1, or for energies 
greater than n • 60 10“ eV), or that the cneigy of the shower is not the 

same as the eneigj' of the priraaiy particle but has its origin elsewheie 
(Vallarta (V 5)) Considenng the fundamental significance of this con- 
clusion, it would be dcsiiable to have the latitude effect of the large show cis 
veiy extensively and systematicallv investigated experimental I5' 

7 . The Worldwide Fluctuations of Cosmic Ray Intensity 

Worldnidc fluctuations aie those which extend over the whole suilace 
of the eaith They aie paitiv peiiodic and partly non-periodic. They 
may be distinguished as 

1. Non-periodic fluctuations which coi relate with the magnetic disturb- 
ances or magnetic stoims 

2. Fluctuations with a pciiod ot the solai day 

3 Fluctuations with a period of 27 days 

4 Fluctuations with a pei lod ot one yeai 

5 Fluctuations with a pciiod ol one sideical day 

For the magnetic distuibanccs iing cuiicnts in spatially closed unstable 
periodic oibits seem to play a role (Godait (G 7, 8); Stoinier (S 20)). 

For the fluctuations w'lth the peiiods of one .solai daj', of 27 days, and ol 
one yeai, one is tempted to assume a magnetic field of the sun as the cause 
These fluctuations might take place as the position of the magnetic field of 
the sun with lespect to the caith changc.s with the coricspondmg period 
In particulai, the peiiod of 27 davs .should depend upon the rotation of the 
sun about its own axis Almo.st no accuiate intoiination is available today 
about the magnetic field of the sun I'he oider ot magnitude should be 
about 10 to 30 gauss at the sun’s outei sui face it one uses the Zeeman effect 
measurements of the solar spectrum of Hale, Seares, Maanen and Ellerman 
(H 17). However, this magnetic field seems to fall off very rapidly with 
elevation and it can be detected only up to a few hundred kilometers. It is, 
therefore, questionable whether one can count on magnetic effects at great 
distances (cf for example Handbuch der Astrophys IV, Kap 2, p 20) 
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Nevertheless, one can choose the simplest case as a working hypothesis, 
namely, a magnetic dipole of moment Ms. From the existence of a period 
of 27 days, one must conclude that the du'ection of this dipole does not 
coincide with the axis of rotation of the sun 
For the motion of charged particles one can count on the magnetic field 
of the earth as havmg a sphere of mfluence of about 250,000 km , beyond 
which the dipole field of the sun has the dominating ('ffect All considera- 
tions hold in legard to the dipole field of the sun as were invoked regarding 
the dipole field of the eaith However, an imjiortant simplification comes 
in because the space between the earth and the sun is empty and thus there 
can be no shadow effect m the dipole field of the sun for an obseiwcr on the 
earth. Hence, only the diiections m the Stoimcr cone, which is associated 
with the dipole field of the sun, are foibidden by the solar magnetic field. 
In the first approximation one can add to the diiections foibidden by the 
earth’s field those forbidden by the Stomiei cone of the solar field In this 
way one gets the totality of the allow'cd and forbidden directions In the 
second approximation one has to take account of the fact that the forbidden 
orbits with directions lying withm the Stonnei cone of the solar dipole are 
deflected in the spheie of influence of the earth The deflection is to be 
calculated by an integiation of (16) over the spheie of influence 
The daily variations of the intensity of co.smic ladiation depend then 
upon the daily rotation of the Stormer cone of the solar dipole with respect 
to a coordinate system fixed m the pomt of observation. The fluctuations 
with the period of 27 days depend upon the fluctuations of the hehomagnetic 
latitude of the earth and on the corresponding fluctuations of the Stormer 
cone of the solar dipole. The period of one year has various causes. One is 
the yearly fluctuation m the earth-sun distance; another is the yearly 
fluctuation of the heliomagnetic latitude of the caith in case the solar dipole 
is not perpendicular to the plane of the ecliptic, finally, as a third cause, 
there are the variations of geometric position ol the Stonner cone of the 
solar dipole with inspect to a given point of obscivation. 

Carrying through the calculations of these fluctuations under the 
assumption that the magnetic field of the sun can be described by a dipole, 
VaJlarta and Godait (V 9) obtained results in general qualitative agree- 
ment with the observed fluctuations. Certain larger deviations can perhaps 
be explained by the influence of the ionosphere and by temperature effects 
Janossy (J 1) was the first to suggest an important result from the 
assumption of a magnetic dipole field of the sun. Such a field would keep 
away from the earth all particles with energy under a certain minim um. 
If the orbit of the earth is not far from the heliomagnetic equator, then, 
according to Table 2, particles of energy below Vi, = 0.414 can not reach 
the earth. Here r,. is to be evaluated from (17), where r, is the earth-sun 
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distance and M is the magnetic moment of the solar dipole. Thus there 
could be no latitude effect in those latitudes in which primary particles with 
energies less than 0.414 are responsible for such an effect. Actually a lati- 
tude effect is present only between -|- 40° and — 40° (cf. for example Gill 
(G 4)) According to Table 2, one can conclude from this that the particles 
leaching the earth must have an eneigy of at least 4 BeV, and if one sub- 
stitutes this value for the energy, and j u = 0.414 in (17), there is obtained a 
magnetic dipole moment of the sun which viclds a field strength at the 
surface of the sun of the order of magnitude of the obseiwcd value How- 
ever, for the disappearance of the latitude effect, there is another mterpre- 
tation depending upon the fact that the low energy particles which could 
still be incident in high latitudes aie unable to penctiatc the entiic atmos- 
phere and in this way they fail to pioduce a latitude effect The fact that 
the limit (the so-called knee) of the latitude effect is displaced to higher 
latitudes at great heights is also evidence favoimg the latter interpretation 
The fluctuations in the intensity of cosmic radiation with the period of 
the sidereal day were interpreted by Compton and Getting (C 6) and by 
Vallarta, Graef and Kusaka (V 8) as a rotation of the galaxy and a motion 
of the earth resulting from it of about one thousandth the velocity of light 
Another possibility for such fluctuations would be given by magnetic 
fields m the galactic system; in case the magnetic moments of the individual 
stars are randomly oriented such an effect is not to be expected according 
to Vallarta and Feynman (V 7). 
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